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CHAPTER - 1 


INTRODUCTION 


The electron Spin Resonance (ESR) has become one of the most 
powerful tools for studying the wide varieties of Physical, chemical 
and Biological effects and also for the study of magnetic behaviour of 
paramagnetic substances. It was first observed by E.J. Zavoisky [1] in 
-1945 at USSR. Later on Cummerow and Halliday [2], Bleaney and Penrose 
[3] obtained well resolved resonance spectra of paramagnetic ions of the 
first transition series. A. Abragam, B. Bleaney, J.H.E. Griffiths, K.W.H.Stevens 
and their co-workers did the major developmental work in the techniques 
of ESR at the Clarendon laboratory, Oxford. 


If a static magnetic field is applied to a system of free electrons 
(L=0, S=l/2), the electrons align themselves either parallel or antipar- 
allel to the applied magnetic field. On applying electromagnetic field of 
frequency v in a direction perpendicular to a d.c. magnetic field, the 
transitions of the electrons from lower level to upper level according to 
the selection rule A M s = ± 1 take place and a sharp absorption of Power 
occurs provided the relation 


is satisfied. Mostly the population ratio of the two energy states 


is given 


2 



AS /AT 


where and are the number of free electrons in the upper and lower 
states respectively and A E is the energy separation between the two states. 
In case of single spin system the population of the ground state is slightly 
in excess of the population of the upper state. Factually for a 
temperature of about 300°K and magnetic field 3000 gauss, the excess 
population in the ground state is only about 0.07 percent; yet the whole 
phenomenon of ESR depends upon this difference. If this resonance 
absorption of the radiation is to continue, there must be some other mechanism, 
apart from the stimulated emission which allows the electrons of the 
upper state to lose energy and drop to lower state, otherwise after some- 
time the population of the lower state will be zero and absorption will 
cease. Spin-lattice interaction, spin-spin interaction and exchange in- 
teraction are the important processes by which electrons lose energy and 
come to ground state and the absorption becomes a steady process [4], 


The Hyperline splitting of an electron Spin Resonance line is obtained 
when the interaction between the unpaired electron and the magnetic 
nucleus takes place within the molecule. It is of extreme importance in 

determining the distribution of unpaired electron density and leads us to 
reach the valuable information regarding the infra and inter molecular 

• . J * A i | y ’ 1 i r f ' ! I \ .. „ 

interactions. The total Hamiltonian of tbe system inclusive of ESR and 
Hyperfine processes is given by 

-'V 7 . ■ . ; ■ ■ 
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assuming the ion to be free. But the unpaired electron is not always free 


and is bound in the molecule by a number of forces. The above Hamil- 


tonian will be modified for a macroscopic body containing a paramag- 


netic as well as a large number of diamagnetic components. A brief discussion 


is given in chapter two of the thesis. 


The substances possessing a resultant electronic magnetic moment 


exhibit the phenomenon of ESR. The materials processing this property 


are transition elements, electrons trapped in radiation damages, impuri- 


ties in semiconductors, free radicals and many other biological materi- 


als. The ESR study gives the various significant informations about the 


system which are mentioned below : 


The phenomenon of Electron Spin Resonance under certain conditions 


is found useful in providing the information about the bulk properties 


like susceptibility and specific heat of the system. 


The resonance spectrum is extremely sensitive to the sur- 


roundings of the paramagnetic ion in the system. Thus it also 
provides information about the symmetry of the surroundings, 
the nature and the strength of the bonding between the ion 
and its immediate diamagnetic neighbour. 


■ ■■ , \ ■: . 

(in) The width of the resonance lines in a fully resolved spectrum 

depends on a number of factors sodh as (a) spin-lattice in- 
teraction (b) spin-spin interaction and (c) exchange interaction 


etc. The study 
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information about the strength and nature of these magnetic 
as well as non-magnetic interactions present in the system. 


Electronic transitions provide resonance spectra which help to 
obtain reliable interpretation about the nuclear spin of the para- 
magnetic ion. The values of nuclear dipole and nuclear qua- 
drupole moments may also be found approximately. 


From the analysis of the observed hyperfine structure we can 
draw conclusions concerning the nature of the sample and the 
character of the delocalization of the molecular orbital of the 


unpaired electron 


Thus there are various parameters of ESR spectrum e.g. 
lineshape, line width, g-value, intensity of the signal and 
hyperfine splitting constant etc, from which a variety of infor- 
mations about the paramagnetic molecule can be obtained. Apart 
from these points, the informations derived from the ESR spec- 
trum also depends upon the nature and form of the specimen 
used. 


Concentrated specimens used for ESR study usually provide single 
line spectrum [5-8]. In the case of polycrystalline samples, one gets linewidth 
and g-value averaged out over all possible orientations of the crystal- 

• * 1 . - r * *■ *r 1 

lites present in the samples. The Hyperf»*e structure [9-15] is studied in 

.. v 1 - ; ■ - • 

the diluted solutions of the complexes. When magnetically diluted single 
crystals are used for ESR study [16-203 we obtain most significant in- 





formations. Results of directional anisotropies in line width and g-value 
which are obtained only from single crystal study, give informations about 
the configurations of the ions present in the complexes. A. Abragam, et 
al. have developed most of the theory on crystal fields and electron spin 
resonance [21,22,23]. It is not always possible to grow a magnetically 
dilute single crystal. However, it has been shown possible to obtain the 
similar type of informations from Powder, and glass state ESR spectra 


Among the transition group elements, Copper is of great impor- 
tance because of the reason that most of the discoveries associated with 
microwave spectra of solid state have been first observed in Cu +2 salts 
[28-30], McGarvey [9], Cohn [10], Kozyrev[ll], Kivelson and Wilson 
[15], Chary and Sastry [24], Misra and Sharma [25-27], have investi- 
gated the paramagnetic resonance spectra of the transition metal ions. 


The present thesis consists of Six Chapters including first chapter of 


Introduction 


In Chapter II, a description of the various theories used for the 
estimation of different ESR parameters have been discussed. 


Chapter III describes the experimental setup of the techniques of 
ESR along with X-RD and SEM which are being employed to study magnetic, 
structural and electrical properties of the samples. 

Chapter IV is based on Ti, Ni, and Co transition metal ions doped 
in (ZrO^ (YO) ceramic compound using ESR, XRD and SEM techniques. 






The results obtained are presented and discussed 


Chapter V consists of ESR studies of Cu -Amino Acids complexes 
in polycrystalline solution and glassy state. The spin Hamiltonian pa- 
rameters and line width studies have been carried out at LNT and RT. 


Chapter VI consists the ESR studies of Mn ion doped in diamag- 
2 

netic lattice (Mn NaNO ). The angular and temperature variation of 

2 

line widths and spin Hamiltonian parameters have been studied. 
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CHAPTER -2 


2.1 INTRODUCTION 


When a free ion with a resultant angular J is subjected to a static mag- 
netic field B then it has 2J + 1 energy levels and the energies of the various 


states are given as 


where M ; = J, J -1 , -J+l, - J, B is the static magnetic field, g is the 

spectroscopic splitting factor and b is Bohr magneton. The electrons in the un- 
filled 3d, 4d, 4f, 5d and (5f, 6d) shells are responsible for paramagnetism in 
iron. Palladium, rare earth, platinum and actinide group complexes. A reasonance 
absorption line corresponding to the energy difference A E between the E M , 
levels differing in M ; value by ± 1 should be observed. Therefore, the reso- 
nance condition becomes : 


The resonance condition for free electron is shown in fig. 2.1 . 

The intensities of these transition are given by the square of the matrix 
element connecting M/* 1 and (M/H )* levels. The intensities are governed by 
the following relation. 

[Intensity] oc [J (J + 1) - M, (M t ±1)] (2.1.3) 


Thus transitions with different M, <--> M ; ±1 values will have 
different intensities. For the case of J = 5/2 the five transitions corresponding 
to A M. = ± I would have intensities in 5:8:9:8:5: Ratio. 
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2.2 CRYSTAL FIELD EFFECTS 


The energy levels of ions in a crystalline environment differ from the 
free ion energy levels. When a metal ion is placed in a crystalline field, the 
degeneracy of the d-orbitals will be removed by the electrostatic interactions. 
The spin degeneracy will remain until a magnetic field is applied. When the 
species contains more than one unpaired electron, the spin degeneracy can also 
be resolved by crystal field. Thus the spin levels may be split even in the ab- 
sence of a magnetic field ; this phenomenon is called zero-field splitting. The 
theoretical explanation of zero-field splitting in S-state ions was given by Van 
Vleck and Penny [1], Sharma et. al. [2], Narayana [3], Chatterjee et. al. [4], 
and Watanable [5]. 

The EPR splitting of energy levels occurs under the effect of two 
types of fields ; crystal field around the ion and the applied magnetic field. 
The crystal field is also called the internal splitting field and the energy 
splitting caused by this field are called 'Crystal field splitting' or ' Internal 
field splitting' or ' Zero field splitting' (ZFS) since it happens in the ab- 
sence of external magnetic field. For the paramagnetic ion in a crystal, 
there are two types of interactions, interactions between the paramagnetic 
ions (dipolar) and interactions between the paramagnetic ion and the near- 
est neighbours (ligand field). Former interaction is large in concentrated 
paramagnetic complexes but can be reduced effectively to a negligibly 
small value by dilution i.e. by doping small amounts of paramagnetic com- 
plex in an isomorphous diamagnetic host. Thus each ion may be considered 
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isolated from other paramagnetic ions and to be independent. The latter 
interactions of paramagnetic ion with diamagnetic ligands modify the mag- 
netic properties of the paramagnetic ions. The crystal field (CF) theory 
assumes that the ligands influence the magnetic ion through the electric 
field which they produce at its site and their orbital motions get modified. 
The crystal field interaction is affected by the electrostatic screening by the 
outer electronic shells. Depending upon its magnitude relative to other in- 
teractions, the crystalline field interaction is generally classified into three 
categories. 


2.2. (i) Weak Crystal Field 

When the crystal field interaction is weaker than the spin-orbit cou- 
pling (this is the case with the rare-earth and certain actinide compounds). It is 
due to the fact that the unfilled shell, 4f or 5f lies fairly deep within the ion 
and is shielded by the closed 5s and 5p or 6s and 6p shells respectively. 


2.2 (ii) Intermediate Crystal Field 

When the crystal field interaction is greater than spin-orbit coupling but 
is less than the coulombic interaction between electrons. The best example of 
these are hydrated salts of the iron group. This situation is described by re- 
garding the orbital motion as clamped due to crystal field and making it unable 

. • j .5 ’>i/W 

to respond to an applied magnetic field. This is know as "quenching of orbital 
angular momentum" and the magnetic properties are all due to spin which is 
affected only weakly by crystal field through spin-orbit coupling. 

** ,'4'i r -;4| a „ - % * ( ^ 
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2.2. (iii) Strong Crystal Field 

The crystal field is said to be strong when the crystal field 
interaction is of the order of coulombic interaction between electrons. For the 
4d and 5d transition group ions there is a tendency of covalent bonding due to 
which the orbitals of the metal ion and neighbouring ligands ovberlap appre- 
ciably. In this case due to strong covalent bonding the crystal field assumption 
remains no longer valid. 


2.3 HYPERFINE INTERACTION 


Hyperfme interaction are mainly magnetic dipole interactions between the 
electronic magnetic moment and the nuclear magnetic moment of the paramag- 
netic ion. The origin of this can be understood simply by assuming that the 
nuclear moment produces a magnetic field B N at the magnetic electrons and the 
modified resonance condition is : 

AE - hv =gP[B + B N ] (2.3.1.) 

The hyperfine interaction is highly characteristic one. Identification of 
paramagnetic and its isotopics in characteristic by the hyperfine structure (HFS) 
in the ESR spectra is the simplest method. The interaction of the magnetic elec- 
tron with nuclei of the ligands gives rise to super hyperfme structure (SHFS) 
on the HFS in the ESR spectra. 


2.4 THE SPIN HAMILTONIAN 


The ESR, the unpaired electron is not isolated or free, but frequently 
interacts with a variety of nuclei and electrons. Therefore the right handside in 
eqn. (2.1.2) becomes the sum of various terms. The state of affairs may be ex- 
pressed from the quantum mechanical view point in terms of a Hamiltonian. 
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The electronic interactions which contribute to the total energy of the ion may 
be described by the following Hamilton. [6 - 10]. 


Where 


Free ion energy [ ~ 10 5 cm' 1 ] 


Elcetrostatic energy (~10 4 cm' 1 ) 


Spin orbit interaction energy (~10 2 - 10 3 cm' 1 ) 


Spin-spin interaction energy (~1 cm' 1 ) 




Dipole-dipole interaction between the electron and nuclear- 
magnetic moments (~ 10' 1 cm' 1 - 10' 3 cm' 1 ) 


Quadrupole interaction between electron and nucleus (~10 3 
cm' 1 ) 





2 - 1/3S (S +1)] + 

- 1/3 (i+di-kt a 2 x -i 2 y ) 

(2.4.3.) 

1/2 (D x - D y ] 

= 1/2 [Q X -Q1 


where D = D. 


and g x , gy, g z and A y> A z are the components of g and A tensors 
respectively along principal axes, in Eqn. (2.4.3.) the Parameters ”D" and "E" 




- * * i 
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Practical ESR spectroscopy concerns itself mainly with the 94-s , 94, 
and 94-f i.e. the fine structure, Zeeman splitting and hyperfme interactions as 
the nuclear Zeeman and quadruple interactions are usually small. The best way 
to consider all the energy contributions is to express them in the following for 
mincluding the nuclear Zeeman and quadrupole terms [10]. 

96 = pB.g.S+S.D.S + S.A.I-P N Bg N I +I.Q.I. (2.4.2) 

Where 5" and fare the electronic spin and nuclear spin operators re- 
spectively and are equivalent to 7 operators from mathematical point of view 
and g, D, A, Q, and g, are all second rank tensor quantities. The first term rep- 
resents Zeeman interaction with the applied field B, the presence of orbital mo- 
mentum is taken into account by allowing the splitting factor g to differ from 
the spin-only value 2.0023. D in the second term represents the crystal field 
splitting. The third term expresses the hyperfme interaction between S and I. 
The fourth term express the nuclear Zeeman interaction and the last term ex- 
presses the quadrupole coupling between nuclear spin I and tne electric field 
gradient. In principal axes system (Tensors in diagonalised eqn. Form) eqn. 2.4.2. 
can be written as (neglecting the nuclear Zeeman interaction). 
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are generally known as fine structure parameters and are the measure of the 
ZFS of energy states decribed by the spin-Hamiltonian. "D" and "E" represent 
the axial and rhombic parts of the crystal field splitting respectively. For the sj 
called axial symmetry 

E = Q, = O and g* = g, ; g* = g, = g x , A x = A, and A, = A, = Aj. 

2.5 COVALENCY EFFECTS AND SUPER HYPERFINE 

STRUCTURE 

A detailed examination reveals that the approximation of ligand ion in 
CF theory is not strictly valid, and the overlap of the wave functions of the 
ligand ions with that of the metal ion must be taken into account. Stevens [11] 
considered this problem for the first time for the complexes of the ions from 
4 d and 5d groups which are bonded in a strongly covalent manner. Owen [12, 
13] studied the same for some ions from 3d group. The main effects of the 
covalency on ESR can be listed as follows : 

1- The covalent bond reduces the orbital contributions to the g - fac- 
tor. The evidence for reduction of the orbital contribution has been 
obtained from the spectra Ti 3+ in alum [14], Fe 2+ in MgO [15, 16] 
and ZnF 2 [17] and Co 2+ in MgO [18, 19] and ZnF 2 [17]. 

2- The hyperfine interaction parameter ‘A’ is reduced. The 
experimental evidence comes from the work of Title [20] who stud- 
ied the spin resonance of Mn 2+ in a variety of host lattices and 
proved that the hyperfine constant "A” decrease linearly with the 
increase of covalency. 

3. There may be an additional SHFS structure on the HF lines due 
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to interaction between the magnetic electrons and the surrounding 
nuclei. The effect was first found by Owen and Stevens in am- 
monium chlororidate [21], and subsequently for a number of tran- 
sition metal ions in ZnF 2 Tinkham [17] and by several other work- 
ers [22-25] in various host lattices. 


2.6 KRAMER’ S THEOREM AND THE JAHN-TELLER 


fJ-Tl EFFECT 


The Kramer’s theorem [26] states that in a crystalline field of any sym- 
metiy, a system having an odd number of electrons will always posses at least 
a two-fold spin degeneracy which can be lifted by the application of a mag- 
netic field. These states were reffered to as Kramer's doublet and assures the 
observation of ESR in the so called Kramers' (odd number of electrons). 

According to J-T effect [27-28], a symmetrical non-linear molecule hav- 
ing a degenerate electronic energy level can not have stable configuration and 
will therefore distort to a configuration of lower symmetry and thus the degen- 
eracy of the electronic state is lifted, or in other words the disposition of the 
nuclei adjusts in such a way that the symmetry of a complex gets lowered. 

Van Vleck [29] estimated that for iron group, a splitting of few 
hundred cm' 1 and for rare earth group about 10‘ 2 cm' 1 may be caused by J-T 
effect. In the case of paramagnetic ions embedded in diamagnetic hosts, the sym- 
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In ESR three processes are commonly descnoefl ior irdubtciiuig 
energy from the excited spin system to the lattice [spin lattice relaxation (SLR)] 
direct, Raman and Orbach process. In the direct process for the two level sys- 
tem, relaxation occurs through transfer of energy from a single spin to a single 
vibrational mode of the crystalline lattice which has essentially the same fre- 
quency [33]. When relaxation is by the direct process, T, a 1/B 2 T [34] (where 
T is the SLR time) and is independent of the spin concentration. Therefore, 
the temperature and magnetic field can serve as variables either for the study 
or for the control of T,. Actually, the "direct” process is important only at low 


At high temperature, the indirect or Raman process predominates. Here 
a phonon is inelastically scattered in the process of flipping a spin. Energy is 
conserved and this process was strongly temperature dependent with T, a 1/T 
for T < e D , T, a l IT 2 for T > 0 D where 0 D is the Debye temperature [35]. 
Experimental results are in fair agreement with theory at high temperature but 
not at low temperature where the direct process is important. 

In the orbach process, there are two transitions one after the other which 
occur via an intermediate state. When electron in transferred from a level m to 

v t ' » 1 

level n in the ground manifold of states by absorbing energy equal to hv, then 
by stimulated transition, it goes to a level q which is higher in energy than n 
by an amount A- Spontaneous transition then takes place from level p to m 

which release a phonon of energy equal to (hv + /±). The relaxation rate is 

' -,T : : : . 

given by 

■■ -- ' ■■ --V ‘ ' ' : ; : : 



Where k is the Boltzmann factor. This relaxation process is active in 
the case of rare - earth ions. 

The theory of spin-spin relaxation (S-SR) has been developed by Van 
Vleck [36], Pryce and Stevens [37] where two main types of interactions 
between the ions ha\e been recognized ; the dipole-dipole and the exchange 
interaction. The dipoles are close enough so that they experience various local 
fields resulting from the dipolar fields of their neighbours. In the case of ex- 
change interaction, the energy transfer takes place by means of mutual spin flips 
between neighbouring spins. As the spins are in thermal equilibrium among them- 
selves and if the equlibrium is disturbed, it is re-established exponentially with 
a time constant T 2 called the S-SR time. The resonance line width is propor- 
tional to 1/T„ . 


2.8 ESR OF LIQUIDS 


The paramagnetic complexes in liquid solutions can be considered as mi- 
cro-crystals tumbling in a random way as they jostled by the molecular mo- 
tions of the solvent [38], Considering the effect of only motional modulation 
of anisotropic g and A tensors on the line-width Kivelson [39] developed the 
theory of ESR line width in dilute solutions. Beacause of the tumbling motion, 
the orientation of micro-crystals varies with respect to the external magnetic field. 
The spin Hamiltonian under this condition can be written as : 



96 spin = 96 0) + 96 1} + F (t) (2.8.1) 

Where 

96 *; = g 0 P 0 Sz H z 

96 u = hA 0 S z + Yt A 0 [I + S- + I- s + ], 

g 0 = 1/3 (gx + gy + 8z > 

A 0 = 1/3 (A x + Ay + A 7 ) 

|.' (t) is the time dependent part of the Hamiltonian and depends upon 
the anisotropy of g and A. Assuming that the spectral line are well resolved, 
that the Zeeman term is the largest term in energy and the lines-shapes are 
Lorcntzian, Wilson and Kivelson [40] gave the expression of line-width A H 


(bAyyH 0 )(4+3u) 


b 2 I(l + IX A 0 /© 0 ) (4 + 3u + 7uf ) + 


b (A 0 /ffl 0 ). (3+2y) 


[2I(I+1)-1] 


In these expressions 


u = (l+<a 0 T~ c f\ /=co 2 t>. 
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Where Ag, = g t -2.0023, A g ± - g 1 - 2.0023, r the molecular radius 
of the equivalent rotating sphere in the solution and the remaining sym- 
bols have their usual meaning. 


Among many suggestions to explain the observed line-width an idea 
analogous to electric field fluctuation mechanism in solids [43, 44] was 
applied in the case of liquids. In this process the electric fields constitut- 
mg the crystal or molecular binding fields are modulated by the molecu- 
lar vibrations and by collisions with surrounding diamagnetic molecules, 
and these fluctuations of electric field affect the spin by means of spin- 
orbit interactions. The lattice vibrations in crystals replace the Brown- 


'f £% 


b = ^(A i -A i )rad/sec, Ay = p 0 A g/h, A g=g l ~g 1 


Where co 0 is the microwave frequency in rad/sec and % c is the ori- 
entational correlation time expressed as: 

4 itr 3 r\ 


( 2 . 8 . 3 ) 


c 3 kT 

and rj is the viscosity of the solution, a a is called the residual 


line-width due to some unspecified mechanisms. The most important of 
these mechanisms is the spin rotational relaxation mechanism, a relax- 
ation mechanism because of the interaction of the rotational magnetic 
moment of paramagnetic molecule with its spin or nuclear magnetic 
moment. Atkins and Kivelson [41], followiwng Hubbard theory [42], gave 
the following expression for the line-width due to this mechanism : 
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spin orbit coupling constant for a given ion, a = crys- 
tal field splitting parameter, r^ = characteristic intermolecular distance, 
T = mean correlation time for intermolecular fluctuations, q = typical 
root-mean-square value of q j q s are the amplitudes of intermolecular 
oscillations, hd ~ exciting energy of the first excited state. 


Where \ 


is a potential indicating the approximate magnitude of the crystal 
or molecular binding field. However, out of these three electric field 
fluctuation mechanisms only Orbach process was found to be useful. 


2.9 POWDER ESR SPECTRA 


In the polycrystalline samples the polycrystals (crystallites) ran- 

l , ■ < - > - * ' ‘ _ 

domly oriented with respect to the static magnetic field [46-48], Conse- 
quently, ESR corresponding to all possible orientations of these small 

: ' .. - - ■ : : ' i '< ■ • ■ ■ 


ian motion in solutions as the source of modulation. Kivelson developed 
[43] the contributions of three most significant electric field fluctuation 
mechanisms in solutions as: 


p 9 

W (\ J-64fX,/ A/ -(^ ) 2 -, ( Van VI eck direct) 

A r 0 l + co 0 x-. 

(2.8.5) 

1 

1 fl 

W( 2;=32(X/A/=(^°/x 11 I (v an vieck Roman), to \x\ <1 

(2.8.6) 

1 

■ I 

fr-i , V 

±r A -1 


i 

iH 

W(3)-\6(\/&) ~(\ r J <V [expfhd /kT-\)J (° rbach > 

(2.8.7) 
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crystallites are obtained. The individual ESR signals usually overlap be- 
cause of finite individual line widths to form what we normally call a 
“powder ESR pattern”. For discussing the powder line-shapes, we con- 
sider a spherical coordinate system shown in Fig. 2.1 in which the orien- 
tation of the paramagnetic species defined by the orthogonal axes, x, y 
and z; e and <j> are the angles specifying the orientation of B in this 
coordinate system. Now, the number of crystallites with a magnetic field 
orientation between e and e + de and between and <t> + d<|> propor- 
tional to the solid angle de [49] where- 

dQ oc SinQcBdfy = dcosBd§ (2.9.1) 

The powder ESR pattern then the ensemble average of the reso- 
nance condition over all equally probable elements of solid angle (dCl) 
summed over all allowed transitions. The ESR absorption at field H in 
the magnetic field interval dH may be expressed in terms of a normal- 
ized “shape function” [59] S (H) given by 

S(H)dH oc P,(Q)cn(H r ) (2.9,2) 

r 

Eqn. (2.9.2) integrated over those elements of solid angle 
dn (H ) such that H < Hr < H + dH, where H is the appropriate reso- 

r r 

nance condition corresponding to rth transition. In general, d£t> is a 
multivalued function of H , there being more than one value of cos 0 and 

r 

<j>for some resonance fields H . P(q) is the transition probability for 

hf *:=!* -cti : ■ - 

the rth component and is normally independent of q except in the case 

. • iff?' Jv ' 

where we have strong-anisotrpy [51-54], Thus, P (a) may be taken out- 

r 
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Where y 0 = (' 


and H represents the resonant field corre- 

r 

sponding to an appropriate resonance condition. The quantity a# referred 
to as the half-width at half-maximum (HWHM) of a pure absorption line 
in the absence of microwave power saturation. The equation for the cor- 
responding first derivative of the Gaussian Function is: 


The peak-to-peak width of the derivate line-shape (AHpp) is re 
lated to Aff by the following relation : 


side the integral sign of Eqn. (2.9.2) in most situations, and the ESR 
powder pattern for each resonance transition to be multiplied by one of 
these factors before adding all pattern together to get the total absorp- 
tion line-shapes. 

However, in situations where all elements of solid angle not equally 
probable, [55], an additional factor such as p(a) must be included in 
Eqn. (2.9.2), where P (a) da gives the probability of a site being ori- 
ented in an element of solid angle da at q. 

The resonance conditions described above represented idealized 
5 -functiuon line-shapes, which are seldom observed in the actual spec- 
tra. Several line broadening mechanisms operative in actual situations 
Line-broadening from dipole-dipole interactions can be expressed em- 
pirically by a normalized “Gaussian Function” of the following [56]. 

YJH- H r )= (^) in ^-exp. ~ 


I 
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AH =(\n2/ 2) m tJi F p 

Line broadening from “Exchange Interaction 
mated theoretically by a normalized Lorentzian f 
by the following expression [57]: 


The corresponding first derivative line-shape is 


For Lorentzian line a H and {AH„) are related by the following 


relation 


Dilute paramagnetic systems (such as radical species diluted in a 
liquid) often exhibit spectral line-shapes which can normally be approxi- 
mated by a Lorentzian function. Moreover, in some systems, the pres- 
ence of more than one independent line-broadening mechanism compli- 
cates the spectral shape, and then each component line-width should be 
given by Eqns. (2.93-2.9.5) and (2. 9. 6. -2. 9. 8), respectively. Although 
not common, a combination of Lorentzian and Gaussian lines was some 
times observed due to the presence of several types of interaction in the 
spin system. Such combinations are oftfp represented by a “Voigt” shape 
function [57], 

To account for the above broadening mechanism, an additional term 
representing the appropriate line line-shape, e.g. Eqn. (2.9.2- 2.9.4) and 
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2.10 THE EXPECTED POWDER LINE-SHAPES 


2.10.(i) Pattern without Hyperfine Splitting: 

For paramagnetic systems with axial symmetry the shape func 

i .'■* 

tion S(H) can be expressed as: 

' . - ^ : ^ ■ 

S (H) dH OC , t 5t , v ; (2.10.1) 


(2. 9. 5-2. 9. 7), should be added to in Eqn. (2.9.2), which then involves a 
double integral. If we neglect the dependence of the lines- shapes func- 
tions on orientation [58], which normally is unimportant in the powder 
lines-shape calculations [59], we can take the line- broadening terms 
outside of the integral sign in Eqn. (2.9.2), thus giving a convolution of 
the ideal delta function line-shape. 

Since analytical solutions to most powder ESR pattern problems 
generally impossible to carry out in practice , Eqn. (2.9.2) quite often 
solved numerically by using a computer. It might be said that without 
high-speed digital computers that are available these days, this task would 
be nearly impossible. As a consequence powder ESR spectrometry would 
have been more limited in its applications than it is today. The normal 
procedure for obtaining solutions to Eqn. (2.9.2) comprises summation 
of all contributions to the shape function, S(H),over a grid in (cos 0, <|>) 
space by various numerical integration algorithm [60], 

The next section illustrates the powder patterns expected for sev- 
eral systems under different symmetry conditions. 
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Eqn. (2. 10.3) shows the expected angular variation of Hr (Fig. 2.2) 
Differentiating Eqn. (2. 10.3), in order to evaluate dH/d0 , we write Eqn 
(2.10.2) into the form 


S(H) a(~) 


We see, therefore, that due to the presence of “cos 0 ” term in the 
denominator of Eqn. (2.1 0.4), S(H) rises monotonically from a finite value 

determined by g, to infinity, i.e., at a field determined by g,, as 0 > 

90°. This behaviour is shown by the s-function line-shape in fig. 2.2(a) 
where the powder patterns obtained for various amounts of line broad- 
ening are also depicted. The two extrerna, therefore, correspond to g, 
and g, , respectively, so that the resonance field lies between hv/ g^ 
and hv g L p . The corresponding first derivative spectra would be of 
the type shown in Fig. 2.2. (c). Levedev [61] gives a more complete 


Or 

S (H) oc SinQ/(dH/dQ) (2.10.2) 

Eqns. (2.10.1) and (2.10.2) reflect the fact that very large number 
of radicals with axes nearly perpendicular to the field direction will be 
present in the system and only a few radicals will have their axis aligned 
close to the field direction. This means that we expect to see two “ex- 
trema’ in the powder spectra. 

The resonance field (Hr) is given by: 
hv 1 


: 




description of such theoretical line-shapes for systems with axial sym 
metry. 

For powder specimens with an orthorhombic g-tensor, there an 
three turning points in the ESR spectrum corresponding to the three prin 
cipal g-tensor components, g ; and g j, g^ being the intermediate ii 
the spectrum [49], The diagnostic features of the absorption line-shape 
and its first-derivative for such a situation are shown in Fig. 2.3. 


2. 10.(ii) Patterns with Hyperfine Splitting: 

The simple line-shapes patterns in Fig. 2.2 and Fig. 2.3 are modi- 
fied in the presence of electron-nuclear hyperfine interaction. Assuming 
the unpaired electron to be interacting with a set of magnetically equiva- 
lent 1=2 nuclei, the line-shape pattern of Fig. 2.2(c) becomes modified 
to that shown in Fig. 2. 4. (a). The powder pattern becomes more compli- 
cated when interacting magnetic nuclei have spin I > 1/2 , for example, 
for 1= 3/2, and an isotropic hyperfine interaction, the pattern would be 
according to Fig. 2.4. (c). 

In several simple situations it may be possible to determine some 
or all of the components of g and A simply from the experimentally ob- 
served spectra. Otherwise, the extraction of rather precise Hamiltonian 
parameters usually rests on the “Computer Simulation” until the best fit 
is achieved between experimental and calculated lineshapes. 
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2.11.1 COMPUTATION OF 


RESONANCE FIELDS 


The ESR transitions result from a matching of energy levels of a 
spin in a magnetic field by the microwave quantum used. Thus the valid- 
ity of the phenomenological SH used may be testified by comparing the 
observed and computed values of resonance fields with the help of solu- 
tion of SH matrix (with the known values of parameters) as and subse- 
quently matching the possible energy level differences to the microwave 
quantum. The SH matrix can be solved either by perturbation method or 
by exact numerical diagnolization on digital computers. The perturba- 
tion methods are applicable to the cases where the Zeeman term is domi- 
nant and are thus of limited applicability only to cases with small ZFS 
and small hyperfine interaction. The energy levels given in the fine struc- 
ture in the ESR are labeled by quantum numbers Mg and those giving 
the hyperfine structure by m,. Though the labelling is done as if these 
are pure quantum numbers, they have no other meaning except their use 
for labelling. In the perturbation expressions which involve these num- 
bers and treat them as pure quantum numbers an error is introduced due 
to their real value being defined for A Mg = ± 1 and A m,= 0. The tran- 
sitions possible in violation of the above rules are termed as forbidden 
transitions and may involve A Mg = ± 2 , ±3 etc. and m f = ±I, ±2 etc 

The resonance fields are calculated from the exact solution of SH 
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2.11.2 METHOD FOR S=l/2 IONS 


For S = 1/2 and I = 3/2 or 7/2 for example Cu z ' Co 2 * and Vo 
the fine structure terms are dropped from the SH and it assumes the 
simpler form: 


' r - • i 7 I 


In most of the cases the last two terms are found to be very small 
and may generally be dropped from the spin Hamiltonian. For axial sym- 
metry the SH (II-2.7) is sometimes written in terms of more customary 
symbols in the following form [49]: 

S* = gfiS 1 H z+ ^g l (S x H x +S y H y ) + AS Z I Z + B (S X I X + S y I y ) + 




for (H -5H),Fj 2:0 where E: are the levels involved in the transition, 
a M is a positive or negative integer including zero depending on the 
transition under consideration being “allowed” or “forbidden , hv is the 
microwave quantum and 8 H is a small number pre-selected based on the 

«3 

experimental accuracy of the resonance fields (5H~10 -10 Gauss). 
The value Hj thus computed corresponds to the resonance field position 
for the transition under consideration. The process is repeated until the 
total number of observed transitions have been considered and their po- 
sition computed (in Gauss). 
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the resonance fields applying perturbation method and Low [9] has given 
the expressions for resonance fields for both the allowed and the forbid- 
den transitions. Extensive discussion of the perturbation method and the 

2 1 

above SH may be found in literature [ 1 2,48] . For the analysis of Cu (S=l/ 
2, 1=3/2) and Vo"' (S=l/2, 1 = 7/2) ESR spectra spin Hamiltonian 
paramagnetics are obtained. The parameters thus obtained were next re- 
fined by obtaining minimizing F. Here F [ - £ (H‘ 0 - H ‘ T ) 2 ] ,where 

i 

//' and H ' t are the experimentally observed and calculated ’■esonance field 
values respectively and H' r arc computed by the method described ear- 
lier through the exact numerical diagonalization of a SH matrix 8x8 for 
Cu^ + and 16x16 for Vo . 
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Experimental 

Techniques 
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CHAPTER -3 


3.1 ELECTRON SPIN RESONANCE (ESR) 

ESR spectra were recorded on a Varian E-line century series spec- 
trometer model E- 109 at Indian Institute of Technology, Kanpur. The 
spectrometer operates at X-band frequency (9.4 GHz). All the ESR spec- 
tra have been recorded with 100 kHz field modulation. The maximum 
power available with this spectrometer is 200 MW. The recording of 
ESR spectra only in absorption mode is possible and the first as well as 
second derivative of absorption signal can be recorded. The schematic 
diagram of the ESR spectrometer is shown in Fig. 3.1. Rectangular cav- 
ity E-231 which operates in TE]02 mode with unloaded Q > 7000 is 
used throughout the experiments. The field stability of the spectrometer 
after stabilization of the order of 10 ppm with temperature coefficient of 
2 ppm/°C is between 300 mT and IT. The signal to noise ratio with E- 
231 cavity at 100 kHz field modulation approximately equal to 180. 

For ESR studies with single crystals it is required to know the crystal 
field (X, Y, Z) axis. For this purpose a two axes goniometer (Fig. 3.2) is 
used which provides a possibility of rotation of the magnetic field in any 
desired plane of the crystal. The X, Y, Z were determined employing the 
following method. The crystal was rotated first independently about a 
horizontal and a vertical axis and a particular orientation was searched 
where the spread of the fine structure was maximum. Thus knowing one 
direction of maximal spread in fine structure spread were searched in a 
plane normal to the first direction of maximal spread. The directions are 


4 ? 

referred to Z, Y and X according to the spread of spectrum. 

Once the axes is known the crystal is cut to facilitate the angular 
rotation of the crystal about a desired direction. The Varian model E- 
229 goniometer permit an accurate rotation of samples in steps of 1 . 
Powder samples were filled in quartz sample tube with typical outer di- 
ameter (OD) 4mm. For liquid samples either such sample tubes or a flat 
quartz liquid sample cell was used as per need. Spectra of liquid nitro- 
gen temperature (LNT) were recorded with the Varian model E257/WL- 
257 variable temperature accessory automatically controls the sample 
temperatures within the range of 573 K to 88 K. It provides a mean to 
maintain the desired temperature with an accuracy better than 1 K. For 
attaining the temperature of boiling liquid nitrogen (LNT) a liquid nitro- 
gen quartz Dewar compatible with E-231 cavity, provided with a cold 
finger, was used. 

Typical designs of sample tube and dewar are shown in fig. 3.3. 
The actual temperature at the sample was measured with the help of an 
indicator using a copper constant thermocouple in contact with the 
sample. The overall accuracy of the measured temperature is IK. The 
temperature stability at the sample was found to be within ± IK, after 
stabilization. 


V'V; 



The samples were examined by XRD, using ISO Debye Flex Pow- 
der Diffractometer Model 2002 from Rich and Seifert Company FRG. 
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The diffractometer uses CuK a radiation ( X = 1.5418 A) obtained from 
a copper target using an inbuilt Ni-monochomating filter (density 0.019 
g/cm 3 , thickness 0.021 mm). The diffractograms were taken in the range 
20 = 20 ° to 90 ° for all the samples, with the following conditions. 

i. Scan speed= 3 degree per min. (in 20 ) 

ii. Chart speed =15 mm per minutes 

iii. Counts per min (CPM) = 10 K 

iv. Time constant = 10 sec. 

v. Accelerating voltage /current = 30 KV/20mA. 

The existence of various peaks in the XRD patterns was used to 
identify the phases present in the samples. The details of identification 
of phases are based on intensity variation semi empirical method which 
will be discussed in the relevant chapters. The schematic diagram of the 
XRD is shown in Fig. 3.4. Diffractometer designed somewhat like a 
Debye-Scherrer camera, except that a movable counter replaces the strip 
of film. In both instruments, essentially monochromatic radiation is used 
and the X-ray detector (film or counter) placed on the circumference of 
a circle centered on the powder specimen. The essential features of a 
diffractometer are shown in Fig. 3.4. A powder specimen C in the form 
of a flat plate, supported on a table H, which can be rotated about an 
axis o perpendicular to the plane of the drawing. The X-ray source S is, 
the line focal spot on the target T of the X-ray tube: S also normal to the 
plane of the drawing and therefore parallel to the diffractometer axis 0. 



X-ray diverge from this source and diffracted by the specimen to form a 
convergent diffracted beam which comes to a focus at the slit F and then 
enter the counter G. A and B are special slits which define and collimate 
the incident and diffracted beams. The filter is usually placed in a spe- 
cial holder (not shown) in the diffracted, rather than the incidents beam, 
a filter in the diffracted beam not only serves its primary function (sup- 
pression of K radiation) but also decrease background radiation origi- 
nating in the specimen. 

The receiving slits and counter are supported on the carriage E, 
which may be rotated about the axis 0 and whose angular position 2 may 
be read on the graduated scale K. The supports E and H are mechani- 
cally coupled so that a rotation of the counter through 2x degrees auto- 
matically accompanied by rotation of the specimen through X degrees. 
This coupling ensure that the angles of incidence on, and reflection from, 
the flat specimen will always be equal to one another and equal to half 
the total angle of diffraction, an arrangemeni necessary to preserve fo- 
cusing conditions. The counter may be powerdriven at a constant angu- 
lar velocity about the diffractometer axis or moved by hand to any de- 
sired angular position. 

3 3 SCANNING ELECTRON MICROSCOPE (S EM} 

The scanning electron micrographs of the samples coated with gold 
were taken by the JEOL Scanning Electron Microscope JSM- 840 , 
equipped with detector connected to a PC on which the KEVEX Quantex 


Software installed. By operating the JEOL JSM 840 in analytical mode 
and detecting the emitted X-Ray by Kevex detector, the quantitative 
analysis of the samples is made possible. The morphological studies are 
carried out using SEM studies for all the pure, Ti + \ Ni +2 and Co +2 doped 


ceramics. 
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CHAPTER- 4 


4.1 INTRODUCTION 


Stabilized zirconia (Zr0 2 ) has been widely used for many years. The 
ever increasing applications of the oxide in high technology ceramics, particularly 
in wear parts and as solid electrolytes, has attracted a great deal of atten- 
tion [1J. Owing to their important applications as high temperature mate- 
rials, zirconia ceramics have received considerable attention from the view 
point of their sintering behaviour and control of the microstructures which 
develop during the sintering process, so that the resulting materials meet 
the requirements needed for these applications. In order to produce high 
performance zirconia ceramics, solid state sintering has traditionally been 
adopted as the favoured fabrication route. This route has often required 
the use of high firing temperature for the achievement of high density in 
zirconia materials. Several approaches have proved to be effective in reducing 
these temperatures. Amongst these approaches, the use of reactive powders 
such as CaO, Y 2 0 3 or rare earths oxides has received particular attention 
[5], It has been reported that yitria (Y 2 0 3 ) stabilized zirconia compacts 
sintered at 1200°C are found to have the highest density [3]. Zirconia- 
based coatings are commonly used as thermal barrier coatings (TBCs) are 
increasingly being employed to provide thermal insulation to critical air- 
cooled mechanical components of gas turbine engines, thereby improving 
their efficiency [4], There are three well defined polymorphs in Zr0 2 based 
ceramic materials namely, monoclinic, tetragonal and cubic phases [5], It 
has been stabilized in cubic phase by the addition of variable amounts of 


*Y t: . ; 

t l " £*{ 
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R 2 0 3 (R= rate earth or yitrium) or CaO. One of the best stabilizers is Y 2 0 3 . 


The phase diagram of the Zr0 2 - Y 2 0 3 system indicates that the cubic 
phase exists in the range of composition from 6 to 40 mole % of Y 2 0 3 [6]. 
In the case of Zr0 2 — Y 2 0 3 solid solution the stabilization of cubic phase 
takes place when the concerntration of Y 2 0 3 is not more than 10 mole %. 

In the present chapter, the polycrystalline ceramic samples of (ZrO 2 ) 0 8 
(Y 2 O 3 ) 0 2 pur as well as doped with a 1 wt% concentration of transition elements 
(Ti, Ni and Co) were synthesized in order to investigate their structural 
and magnetic feature using x-ray diffraction (XRD), scanning electron microscopy 
(SEM) and electron spin resonance (ESR). ESR is hoped to provide in- 
formation about the valence state of the transititon metal ions doped in the 
ceramic and about the local environment of the doped transition metal ions. 
The structural information obtained from XRD and Electron microscopy 
can be correlated with the ESR results together more understanding re- 
garding the microstructural and other properties of the ceramics 

4.2 Experimental 

The synthesis of polycrystalline ceramic samples of required sto- 
ichiometry in pure as well as doped form has been done using standard 
high temperature solid state reaction technique. This technique involves 
grinding of the constituents together followed by pelletization and sinter- 
ing at high temperature. High purity (99.99%) Zr and Y from Aldrich (USA) 
in the desired stoichiometry to (ZrO 2 ) 08 (Y 2 O 3 ) 02 were taken. The transi- 
tion metal impurities were taken in the following form for the purpose of 
doping Ni (N0 3 ) 2 .6H 2 0, Ti0 2 and cobalt chloride. A fixed concentration 



(1 wt %) of the impurity complex was added to the base ceramic. All 
the constituents were well mixed together in an agate mortar and pestle 
and then pelletized in the form of thin cylinderical pellets under the application 
of a pressure of 6 ton/cm 2 . The pelletized materials were kept for sinter- 
ing at a temperature of 1550°C in a glower furnace for 24 hours. Thus 
formed materials were then characterized through x-ray diffraction (XRD), 
scanning electron microscopy (SEM) and electron spin resonance (ESR) 
techniques in order to investigate their structural and magnetic properties. 
The sample code and the composition are give in Table 4.(1). 

The XRD patterns of all the samples were recorded using a Rich 
Seifert Isodebyflex 2002 diffractometer and CuKa radiation with mono- 
chromator. The recording conditions were scan speed (ss) 3°/min., Time 
constant T c = 10 Sec., Count per minute (CPM) = 10K, current/voltage = 
20 MA/30KV. The SEM micrographs were taken using a JEOL 840 SEM. 
All the micrographs were taken at a fixed magnification of x4000 at 15 
KV. ESR measurements were done with the help of an X-band ESR spec- 
trometer (Varian E-109) using lOOKHz phase sensitive detection. The phase 
composition of the samples has been evaluated using the XRD studies. 
The size of grains and mcrphological features have bean studied with the 
help of SEM. ESR measurements were crried out to examine the magnetic 
state of the impurity ion and various changes during and after the synthe- 
sis of tie samples. The results obtained through the above techniques are 
presented and discussed here. 



' 


where \ is the wavelength of CuKa, 0 is the diffraction angle and d 
is the interplaner distance. 


The values of d cal have been calculated using the following 
expressions and lattice parameters from literature [7,8] : 


For cubic 


For tetragonal 


For monoclinic 


(a) X-ray diffraction studies : 

Fig. 4.1(a) shows the x-ray diffraction (XRD) pattern for sample 
SZYP. It is evident that the XRD pattern consists of three phases namely, 
monoc linie, tetragonal and cubic. After indexing the observed XRD pattern 
d values are calculated. The observed values of d (d Qbs ), calculated values 
(deal ) ’ m illar indices and relative intensities of the peaks are col- 
lated in. Table 4.(11). The values of d are calculated using Bragg’s 

obs 

formula : 




The phase composition for the samples has been evaluated using 
intensity variation semiempirical method [7,8], 

In order to make quantitative analysis of the monoclinic, 
tetragonal and cubic phases existing in the samples, we have used the 
following expressions : 


1 ^ T) ' j X 100 

1„<H1) +1.(1 H) + I, ,(1H) 


(4.3.5) 


1,(400 + 1,(004) 

J (J — I M ) [ ] X 100 (A 1 

' M 1,(400) + I, (004) + I,.(400) C 4 -- 3 - 6 ) 


and I + I + I = 100 

c M T 


where IM , IT, and IC are the percentages of monoclinic. Tetragonal 
and cubic phases respectively. We have assumed that the intensitites 
of various peaks of respective phases represent the amount of the 
particular phases, for ekainple intensity of reflection(l 1 1) represents 
the amount of monoclinic phase. 

Fig 4.1 (b to d) depict the XRD patterns for samples SZYTi, 
SZYNi, SZYCo. The percentage of phase composition of the samples 
has been estimated using earlier expressions and the values obtained 
are given in Table 4.(111). 

From the above crystallographic data, we can say that all samples 
exhibit monoclinic phase as the dominant phase. If is also worthmentioning 
that in earlier studies ZrO doped with 12 mol % of Y O were found 

1 13 

to contain almost monoclinic phase [5], 




(b)Scanning electron microscopy studies: 

The SEM micrographs for all the samples are shown in Fig. 4.2 
(a-d). It is evident from the micrographs that all samples comprise 
two major kinds of phases. One of them being brighter (white), while 
the other is darker (black). At the time of preparation of these samples 
for SEM studies, we have observed an interesting fact that during 
the sputtering of Ag metal upon the samples, there was illumination 
of light. We can attribute this phenomenon to luminescences of materials. 
All the samples seem to have the nearly uniform microstructure except 
sample SZYNi . The average grain size varies from sample to sample. 
Generally, sintering temperature, duration preparation methods, par- 
ticle size of unsintered mixture etc. are the parameters which affect 
the microstructure of the final product. It should be stressed here 
that we have subjected a fixed heat treatment for sintering to all the 
samples. Therefore, the variation in average grain size may be at- 
tributed to the effect of various dopants. 

It may also be noted from these micrographs that all samples 
display an overall increase in grain-size as compared to the pure sample 
SZYP. This increase probably results due to the presence of impurity 
ions which favours the particles assemblage of doped samples. The 
grain size estimates obtained from the SEM pictures indicate two ranges 
of particle-size; larger grains (> 5 p m) and smaller grains (< 1 p m). 


(c) Electorn Spin resonance studies : 

(I) Pure sample SZYP : 

The ESR spectrum of the powdered (finely crushed) undoped 

sample SZYP comprise a narrow resonance line near g = 2superim- 

posed on a broad ESR signal spertrum for pure sample (SZYP). Fig. 4. 3(a) 

shows ESR spectrum of SZYP at RT. As mentioned earlier we have 

used 99.99% pure ZrO for synthesizing the SZYP samples, there- 

2 

fore the presence of any extrinsic paramagnetic impurity is not ex- 
pected. However the sample indicates the presence of some paramagnetic 
centres in the synthesized material SZYP. It is not possible to iden- 
tify the exact nature and cause of these centres. The narrow signal 
is situated at g = 1.975 ± 0.005 and the width of this signal A H is 

eff 

= 25 ± 3G. The width of the broad signal is =290G and is situated 
around g = 2.05. These paramagnetic centres may be artefact of synthesis 

cff 

process since these signals are present in all the samples prepared 
for the present study. The interesting aspect of these signals is that 
their widths and positions remain essentially temperature indepen- 
dent between RT and LNT. The narrow signal is marked by p and its 
position is denoted by g^ [Table 4. (IV)] where the parameters ob- 
tained from ESR study are collated. As revealed by X-ray the SZYP 
sample comprise mainly monoclinic and tetragonal phases. The two 

i 

signals may result from these phases present in the synthesized sample. 
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The ESR spectrum of titanium doped sample [Fig. 4. 3(b)] com- 
prises a large number of narrow lines in addition to Titanium has 

2 2 

the electronic structure [A]3d 4S . The two signals Divalent titanium 
complexes are very unstable. However trivalent titanium observed 
in SZYTi, with electronic configuration [A]3d forms octahedral 
paramagnetic complexes which are stable. Titanium has several isotopes 

44 47 48 * 49 50 . 

vis. Ti , Ti, Ti, Ti and Ti. Hyperfine splittings may arise 

47 . 49 , 

only due to Ti and Ti as they have non-zero nuclear spins I of 
5/2 and 7/2 respectively and for the even isotopes the nuclear spin 
is zero. In octahedral and tetrahedral environments Ti 3+ has an 
orbital singlet as its ground state and there are low lying excited 
states. ESR spectra can be observed at RT and LNT and are appro- 
priate to S=1 like Ni' + [9-11]. The g factor is expected to be less 
than g (=2.0023) ESR is appropriate to S=l/2. The observed ESR 
spectrum in the present case are not appropriate to any of the 
above two paramagnetic states of Titanium. The observed increase 
in line width of the broad spectrum as compared to SZYP indicates 
that Titanium ion is having some exchange interaction with the paramagnetic 
centre responsible for the broad ESR signal. The presence of a 
large number of narrow lines on the broad signal may be attributed 
to superhyperfine interaction between the paramagnetic centre and 
surrounding ligands which probably involves Titanium nuclear 
spins. The structure is too complex to be analysed meaningfully. 



(III) Nickel Doped sample SZYNi : 

The ESR spectrum of nickel doped sample SZYNi is shown in 
fig [4.3(c)]. There is a very broad (^H = 1350G) signal on which a 
large number of narrow signals are observed to superimpose. The narrow 
signal at g = 1.97 (characteristic of all simples) is also present and 

P 

2 + 8 

is marked as p in the figure. Ni with 3d configuration is charac- 
terized by S = 1 because an octahedral crystal field leaves an orbital 
singlet lowest. Lower symmetry fields raise the spin degeneracy for 
Ni 2+ by rather large amounts (-few cm *) [11]. This high sensitivity 
to low symmetry crystal fields is believed to be the reason for con- 
siderable line broadening due to slight imperfections in the host crystals. 

2 + 

Appreciable positive g shifts are usually encountered for Ni ions in 

crystalline host [9] The g factor in the present case is estimated to 

2 + 

be =2.5 Since incorporation of Ni in the SZYNi lattice in the present 
case would demand charge compensation which in turn is expected 
to cause crystal imperfections in the host lattice. Thus broader lines 
of ESR Spectrum for SZYNi are explained. However, we have no 
immediate explanations for the hyperfine structure on the broad ESR 

f 

singal. Also the SEM study has shown singificant changes in mor- 
phology of SZYP after doping with nickel (SZYNi) as discussed earlier. 

(IV) Cobalt Doped Sample ZXYCo. 

The Cobalt doped sample[Fig. 4.3(d)] showed ESR signals similar 





to the undoped samples. No additional signals could be observed even 

2+ 

at LNT. Realxation time of Co ion in octahedral coordination is 
short at room temperature as a result ESR singals can be observed 


4.4 CONCLUSION 


The results of ESR , SEM and X-RD studies of (ZrO ) (Y O ) 

2 0.8 2 3 0.2 

samples synthesized by solid state reaction route show that the favourable 
phases are monoclinic and tetragonal. Small amounts of doped impu- 
rities of transition metal ions are not found to change the composi- 
tion of the system noticeably. The ESR spectra for Ni doped sample 
has shown the descernible large broadening with a large number of 
narrow signals where as the samples with Co have less broadening. 
The origin of broadening has been traced out to be due to the dipolar 
effect of impurity ions. 



Table 4(1) Samples codes and doped impurity 


Stoichiometry 
of Samples 


Doped Impurity 


Sample 


(ZrO 2 ) 0 8 ( Y 2°3 )o.2 


SZYP 


SZYTi 


Ni(NOo) 


SZYNi 


# The concentration of each dopant is 1 wt % of (ZrO ) (YO) and P 

2 0.8 2 3 0.2 

stand for pure. 




Table : 4(H) Crystallographic data esimated from XRD 
studies for SZYP sample. 

( M=monoclinic, T= tetragonal and C— cubic) 


hkl 

phases 

dobs 

o 

A 

deal 

A 

(dobs ~d ca i) 

0 

A 

(Wo)„b. 

% 

[110],[011] 

M 

3.60 

3.64 

0.05 

24 

[HI] 

[111] 

M 

3.12 

3.16 

0.04 

77 

[HI] 

T,C 

3.02 

2.97 

0.05 

100 

[mi 

M 

2.80 

2.84 

0.04 

76 

[200], [002] 

M,C 

2.59 

2.56 

0.03 

30 

[210] 

M 

2.30 

2,28 

0.02 

8 

[102] 

M 

2.17 

2.18 

0.01 

21 

[112] 

T 

2.06 

2.10 

0.04 

10 

[112] 

M 

1.98 

2.01 

0.03 

20 

[022] 

M 

1.86 

1.85 

0.01 

70 

[202], [220] 

T,C,M 

1.80 

1.81 

0.01 

72 

[220] 

[002],[300j 

M 

1.68 

1.69 

0.01 

16 

[013], [221] 

M 

1.64 

1.64 

0.00 

38 

[113], [311] 

T,C,M 

1.56 

1.55 

0.01 

49 

[311], [13 1] 

[222], [222], [3 11] C,M 

1.47 

1.47 

0.00 

16 






Table 4(111) Shows the relative phase composition. 
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S.No 

Sample’s 

Relative concentration of phases (%) 



code 






M 

T C 


1. 

SZYP 

61 

33 6 


t; ' 2 - 

SZYTi ' 

58 

33 9 


1; 3. 

SZYNi 

63 

32 5 


1 4 ' 

SZYCo 

62 

33 5 





Line width 
AH (Gause) 


1.975 ± 0.005 


290 + 20 


2.05 + 0.05 


1.975 + 0.005 


1687+50 


3.7536 + 0.05 


1.975 + 0.005 


2.544 + 0.005 


1350+50 


* Similar to SZYP 








Monclinic phase 
Tetragonal phas 
Cubic phase 
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CHAPTER -5 


ESR study of 
Copper Amino Acid 
Complexes 









5.1 INTRODUCTION 


Among the transition group elements, copper is one of the ideal 
ions for paramagnetic resonance study, because there is only one electronic 
transition and narrow lines are obtained at room temperature. When 
paramagnetic ion is placed in a solid, interactions take place between 
the paramagnetic ions themselves and with the diamagnetic neighbours. 
In order to draw, quantitative information about the inter and intramolecular 
interactions with the spin of a paramagnetic ion, one must solve the 
spin-Hamiltonian of the paramagnetic ion in that surrounding. In most 
of the pure paramagnetic substances, ions are so close together that 
the information conveyed by them overlap and no inference can be 
drawn about the anisotropy of the spin-Hamiltonian parameters. As 
described earlier, the anisotropy study can be done easily and accu- 
rately by preparing single crystal of the paramagnetic substance diluted 
in a diamagnetic lattice. The diamagnetic substance for dilution should 
be isomorphic to the paramagnetic substance to be studied and the 


In the present chapter a 


J'lLv 
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amino acid complexes has been undertaken. Complexes were studied 
in polycrystalline form and in aqueous solution at room temperature 
and also in frozen state i.e. a random and fixed distribution of para- 
magnetic ions. Information regarding the chemical bonding between 
the transition metal and the ligand atoms has been derived with the 
help of anisotropic parameters g , g , A , and A obtained from above 
studies [1]. Different theories of ESR linewidths have been used in 
order to know the contribution of dipolar width as well as exchange 
narrowing to the polycrystalline linewidths. Hyperfine structure linewidths 
in solution for all the four lines of the complexes have been calcu- 
lated according to Kivelson’s theory. Linewidth parameters both experimenta 1 
and theoretical have been reported. The study done here, has been 


I. Polycrystalline sample study 


III. Solution study 


5.2 POI/VCRYSTALLINE SAMPLE STUPY 


of the ESR studies of polycrystalline samples is limited 

due to the random orientation of paramagnetic ions, 
leters like linewidth and g-value etc. are averaged out 
le informations are very much reduced. If g-value of 
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the substance is very close to 2.0023, the anisotropy would be small, 
it can be examined in powder without loss of resolution. If g is more, 
anistropy increases, g and would be quite different and this gives 
rise to spreading out of the lines. Sometimes this spread out portions 
give important information about g and g as in case of many cop- 
per complexes studied here. ESR lineshape studies on powder cop- 
per complexes has been presented in the famous paper of Kneubuhi 
ttidt ttip naramaiinetic molecules are differently 


: 


9C = P [g H S z + g H x S x + g y H y i> y ] 

N ow two cases can be distinguished. For g^ = g^. Sands [3] evaluated 
the normalized shape function S(H ) as 


S(H z ) = H 2 X H| | (H x 2 - H, | 2 )'* H. 

If g 2 > g y > g x , then for n z * H 2 : 

2 H 1 H 2 H 3 H£ 

S(Hz) " ti(H 2 -H 2 ) 1 / 2 (H 2 -H 


(5.2.3) 


« } vM 


§ |g|§l §§2 m i**s f4f» 


and for 





( 5 . 2 . 4 ) 


K(k) is the complete elliptic integral of the first kind 


From the fig. 5.1 drawn with the help of eqs. (5.2.2) and (5.2.4), 
one can distinguish the two cases of the derivative spectrum, one 
corresponding to two g-values (g ^ and g^) which has five points of 
inflexion and the other of three g-values (g , g and g ) which has 

x y z 

seven points of inflexion. 


Results and Discussion 


The election spin resonance spectra of all the polycrystalline 

samples have been taken at x-band and at room temperature. The spectra 

, . . . ■ - *■ ' ; ■ " ' " ■ ■) ■ i 

of polycrystalline samples along with their glass and solution spec- 
tra are shown in Figs. (5.3-5.10) The spectra of all the complexes 
are not similar in nature. Four of them have shown five points of 
inflexion and the other three been shown only three. The presence of 

I ■ ■ ’ 4- 1 \ ' i I V : J '* * " !> > * .'■* ; 5 ‘ v '■ 

five points of inflexion indicates two values of g, i.e. g and g in 

^ *• ' if? t ■ Si* If x 

: ■■ '.-v > 

them while three points of inflexion give only the average values of 
g. The values of g obtained here are quite close to the values ob- 
tained from glass study of the samples given in the next section. The 


ias 
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presence of two g-values in complexes also indicates that an axial 
crystalline field is acting at the Cu(II) due to the ligand surrounding 
the ion. Cu/p-Alanine complex showed a bit strange behaviour. The 
spectra have shown seven points of inflexion and hence three values 
of g. All the three values have been measured see table 5.(1). 


The lineshape of all the experimental curves has been tested 
and has been found to be Lorentzian. The lineshape graphs of a few 
samples are shown in fig. 5.2. The linewidth increases in all cases 
to the parent copper compound but the shape remains unchanged. 


The change in linewidth is mainly due to change in spin-lat- 
tice, dipole-dipole and exchange interactions neglecting of course, 
the contribution of nuclear hyperfine interaction and saturation broadening 

[5] , In case of Cu salts, spins are loosely coupled to lattice vibration 

[6] and thus spin-lattice interaction does not affect the width to any 
marked extent. This means that only dipole-dipole and exchange interactions 
mainly control the width of the lines. The actual positions of copper 
ions inside the comlexes are not known, but it seems from their molecular 
formulae that ions have been separated apart as compared to their 
positions in pure copper salts. Thus the dipolar interaction as well 
as exchange interaction has decreased, but the decrease in the latter 
is more than the former because of its exponential form [7] and hence 
finally the broadening is observed. It is obvious that after the com- 
plex is formed, the crystal structure changes, it is magnetically di- 
luted and exchange coupling is also changed but it has been found 
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that all these factors could not bring any change in the Lorentzian 
shape of ESR lines obtained here, which indicates that still suffi- 
cient exchange is present in the complexes. 


have changed in these complexes. The reduction m g-values as com- 
pared to pareut salts [2] may be due to increase in A or a decrease 
in effective l(lx covalency factors a 2 ) or both. A small change in 
A does not effect g much, so a X is mainly responsible for the reduc- 
tion in g-values. This shows that covalency in the complexes have 
definitely increased. 

In order to make the quantitative interpretation of the results ob- 
tained here, the computation of various ESR parameters has been done 
by using different theories [8-10]. According to Van Vleck [7] the half 
width (A H. /9 ) cal due to dipole-diole interaction is given by 
(A H yi ) cal = 2.35 [< A H 2 >]* 

= 2.35 gP [3/5 S(S+1)E krv*J* (5.2.6) 

where S is the spin quantum number of the ion, r is the distance 

‘ #> Vi; • 

between the ions j and k and rest of the symbols have their usual 

» v ,';A A , . , 

significance. Since the crystal structure of all the complexes are not 
known and we want to study only the relative variation of exchange 
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Elixir. 



ama 


frequency m these complexes, so ior the sake oi simplicity we hi 
assumed that the systems have simple cubic structure, therefore 




complexes. 



Anderson and Wesis [8] developed the theory of paramagnetic reso- 
nance absorption lines in a more quantitative way than VanVleck. The 
expressions for different parameters obtained from this theory are given 

below : 

Dipolar Width co p 2 = 15.2/3 (g 2 |3 2 /fc) 2 n 2 S(S + 1) (5.2.8) 

Exchnge frequency co e = ^8.48/ 3 ^|sJs + X} (5.2.9) 

Where n is the density of spins per cubic centimer, J is exchange 
integral and the expression for half width at half power points is given by 

Aco = co 2 / co (5.2.10) 

P e 

The computed values of co p 2 and co e are given in table 5.(11). For the 
sake of comparison, the values of these parameters have also been evalu- 
ated by using Kubo and Tomita Theory [9]. They developed the theory 
on a quantum mechnical basis instead of usual moment method as done 
by Van Vleck and Anderson and Weiss. The expression for different pa- 
rameters given by Chirkov and Kokin [12] from Kubo and Tomita theory 
have been used here. The expressions are 

Am =4.18 co . 2 / C0-„ (5.2.11) 


and for simple cubic lattice structure 


and d are the dipolar width, exchange frequency 


where co 
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tice constant respectively. The computed values of © ]0 2 and co 20 are given 
in table 5.(11). 


From table 5.(11) , it appears that the computed values of dipolar 
width as well as narrowing due to exchange obtained from both theories 
[8,9] have decreased in all complexes as compared to the pure copper 
salt. The maximum decrease in these parameters has been observed in 
Cu 2+ /DL-valine complex. 


The values of dipolar width and exchange frequency paramerters 
computed with the help of Anderson and Weiss theory are different from 
that of Kubo and Tomita theory. Slight differences in the results ob- 
tained from these theories are simply because the method of approach of 
both the theories are different, but the relative variation of different pa- 
rameters is the same. Since the rate of decrease of exchange interaction 
is higher than that of dipolar interaction, it can be concluded that the 
exchange is playing the main role in broadening the lines of these com- 
plexes. 

Thus one can conclude from the theoretical computation of ESR 
parameters that the increase in linewidth in all these complexes is mainly 
due to the reduction in exchange interaction. The experimental linewidth 
are in general smaller than those expected by dipolar coupling alone be- 
cause still sufficient exchange interaction is present in these complexes 
as evident from’ the Lorentzian shape of their ESR lines. 


X 
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5.3 GLASS STUDY 


mation regarding me anisouupy ui nuuicm 5 pm uypcumc uuopmig tuu- 
stant ‘a’ i.e. A | j , and A ± . Again the information regarding g-anisotropy 
was not accurately available in all cases, because in some cases, only 
three points of inflexion were observed. The peaks being very broad, the 
available information was not very reliable. The above informations were 
required in order to further study the nature of bonding between metal 
and ligands and the linewidths of hyperfine lines in solution. The re- 
quired magnetic parameters g[ |, g x , Aj j and A x can possibly be found 
from a study of glasses or highly viscous ligands containing paramag- 
netic ions. A glass is prepared by freezing a mixture of a paramagnetic 
substance and a diamagnetic or a nonmagnetic liquid. This become 
equivalant to a polycrystalline sample in which paramagnetic ions are 
diluted and fixed apart. This method has proved more useful in cases 
where it is difficult to prepare the single crystal of the substance doped 
in a suitable dimagnetic lattice, and has been followed by a large number 
of workers successfully [13-18] 

Glasses in the present stu 
solsution of the complex of knc 
ume so that glycerine to water 
volume. This was cooled to -SC 
water solution was not freezed 
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complications of ice structure. NH 4 OH/glycerine glass was used for stud- 
ies in case of Cu/DL-Methionine and Cu/L-Cystine. Cu/DL-Aspartic acid 
was dissolved in pyridine and freezed to -80°C for its glass study. Water/ 
glycerine medium was used for all the remaining complexes. 


The mixtures were taken in a quartz tube amd were mounted in the 


cavity while the low temperature unit is on, otherwise the highly lossy 
mixture makes the tuning nearly impossible. The mixture, as soon as 
mounted freezes and the absorption falls to a convenient value. Low tem- 
perature was obtained by adjusting the temperature of dry N 2 gas which 
cools the sample after passing through liquid air. 


Lineshape in ‘Glasses 


The spin-Hamiltonian for the present system of square planner 
Cu(II) complexes can be written as [19] 

96 = Po[g,H 2 S z + gi (H X S X + HA)] + A, SA 

+A.i (S x I x + S y f y ) (5.3.1) 

where P 0 is Bohr magneton, g| |and g x are spectroscopic splitting factors 
parallel and perpendicular respectively to the symmetry axis. S and 1 
are electron and nuclear spin operators. A|j and A x are hyperfine split- 
ting constants for copper nucleus. ESR energy h v 0 for the above Hamil- 
tonian is given as 

hv 0 -gpoH + M^A, 2 g, 2 cos 2 0+A*gisin l 0) w g“ L (5.3.2) 


where 
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_ + 1 / 2 , + 3/2 for copper and 0 is the angle between the symmetry 
axis of the molecule and the applied magnetic field H. In the case of a 
diluted single crystal, resonance value of 


the field H for a frequency v 0 depends upon 0, but in a polycrystalline 
sample, molecules are differently oriented and the resonance spectrum is 
the sum of the spectra of molecules in all possible orientations. In a 
polyorystalline sample, different orientations of the molecules are equally 
probable. The number of molecules dN, whose symmetry axes forms an 
angle between 0 and 0 + do with respect to the applied magnetic field. 


dN = ^l±-dB ( 5 . 3 . 3 ) 

2SinQ 

where N is the total number of molecules. The intensity ot absorp- 

tion in a range of magnetic field between H and H + dH is given by 

,.v .-'i Ct* V % \ i' ; ’’ " 

jdN/dH 1 


(dH/de) de/dH 


dN/d© is given in Eqi (5.3.3). d©/dH can be obtained from the following 


expression 


ill! 


where K=(g] A\ cosQ +g L A[ sin 
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and the expression for dN/dH is given as 


2cos0 ,(. 


where H 0 = hv 0 /gp 0 and g 0 = (g, + 2gJ/3 


We are interested in the values of dN/dH for two values of 0 


and dN/dH is finite 


and dN/dH 


Thus when g = 0 5 the absorption starts suddenly and when 0 

' ' ' Nfl 

.■ .• - ■ ; . . y| 

= k/2 it becomes theoretically infinite, Obviously the second de- 
rivative d/dH (dN/dH) has singularity at both 0=0 and 0 * k/ 2 
and the derivative spectrum has a weak line at H(0) and a strong line 

■■ ... ; ■ : ' t ~ r v- :./■ V T . i- > VT. . ^ T ,,; ; "N; .Vv4 : fZ '■ "T. ■■■;’■' ■■■ - ■ TyH 

at H( jt /2). 


This theory predicts for copper ions for which M = + 1/2, ±31 
2, that in the absence of any overlap, four weak derivative lines of 

; : : v v;;; 

different intensity separated by A, should be observed alongwith four 


strong derivative lines of diffe 
in all eight lines are predicted 
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Estimation of Magnetic Parameters 


Vanngard and Assa [20] discussed in detail the method, to de- 
termine different magnetic parameters from the “glass” spectrum of 
Cu/histidine complex at 77°K. 


If four weak lines are obtained in a glass-spectra, g, is calcu- 
lated corresponding to the magnetic field at the center of them. 4 
is proportional to the distance between the two consecutive lines in 
gauss. Thus 


where H is the magnetic field corresponding to line M 

M 

or 1/2 and H is that corresponding to the line M = -3/2 or - 


is given 


g r and A, can similarly be obtained trom 

magnetic field region. Often A x is very small c< 
° ■ 

of the strong lines and hence the spectra are n 

■ 

In such cases A, is obtained by correlating glas 


tra from the relation 
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( 5 . 3 . 9 ) 


where a is the average hyperfine splitting constant obtained from 
solution spectra. Most of the uncertainty in determining magnetic parameters 
from glass spectra lies in locating the maxima of the broad and weak 
hyperfine lines. 


Estimation of Bonding Parameters : 

As we confirm our complexes to be square-planar symmetric 
with the help of x-ray data for some of the complexes. In the solu- 
tion or glass state, the structure may get distorted but the distortions 
from square-planar symmetry, if any is small and one can assume tne 
complexes to be square-planar without sufficient error. This is also 
supported [21] by the difference of the values of g x and g x . 

Again the ground state of copper has been confirmed to be 
d(x 2 - y") for our complexes, Thus the molecular orbital theory for 
o pnimi-o-niomr c\/mmptri('. nnmnl ex with a sround state d * % can be 
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+ ,g x - 2.0023 + -(g x -2.0023) + C 


( 5 . 3 . 10 ) 


where the constant C lies in the range 0.01 to 0.04 and can be calculated from the 


expression 


(aa’3 2 S + aa'p(l-(3 2 ) 


Kivelson and Neiman [19] have calculated the values of the overlap 
integrals S for bonding parameter calculations for the complexes of 
copper, in which the nearest neighbours are nitrogen and oxygen. The 
values, for a ligand to metal distance of 1.9 A are : 


0.220 


Oxygen 


0.333 


Nitrogen 


K , the isotropic contact term has been 
0 

[23, 24], A and can be obtained from tf 
spectra for the complexes in aqueous solution, 
of the order of 0.036 cm .X in the calcul 


2 calculated from (5.3 



of «' with the help of equations : 
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a 3 + a’ 2 - 2aa' S = 1 (5.3,12) 

a, a' so calculated are used to obtain the parameters p,, and p. It 
was found [19] that an error of 2 percent in a * causes about 1 per- 
cent error in p[ . The above method of calculation is well confirmed 
and has been applied successfully by a number of workers [16, 24- 
27], 


Results and Discussion 


The spectra of different samples taken in glass phase are shown 
in figs. (5.3 - 5.10). The parameters g, , g x , \ , and A x have been 


obtained from glass spectra as given below : 

(1) ESR Parameters : The spectra of different samples in glass- 



state indicated that A ± in all the cases is quite small compared to the 
linewidth of Q = n/2 lines. As a result, a single broad intense line 
was obtained in every case in place of 4 lines expected from theory. 
Cu/Glycine spectra showed four lines corresponding to0 = 0 and one 

corresponding to 0 = 7 t/ 2 . g, was obtained from the center of these 

\ y'; 

four lines. A. was calculated with the help of equation (5.3.8) in 


unit of sec . Values of A, in cm can 1 
sec values by 5.309 x 10’ . g L was tak 
line whereas A x was calculated with the 
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of Cu/DL-Methionine is similar to above where four lines are obtained 
m a= 0 and one for 0 = u/2. 


Thus in this case also five lines instead of eight are obtained. 
But in all the remaining cases except for Cu/DL-Aspartic acid, three 
lines are observed instead of four corresponding to 0=0. Interspaces 
between the lines show that the fourth line is merged with the strong 
line Q = n/2. In this light, gj was calculated from the center of the 
central two lines and A t from the interspace between them. In 
Cu/DL-Aspartic acid spectrum, only two lines clearly resolved were 
obtained for 0=0. The spectrum was further supported by the same 
two strong lines observed in solution spectra at room temperature. 
The spectra fore = 0 appear more like dips than derivative lines. 
ti,p minimum ratio of the intensities of 0= 0 to Q = n/2 lines has 


(ii) Covalency : Comparing tables 5.(111) with 5.(1), one finds that 
g-values for the complexes in glass state are more than their corre- 
sponding values in polycrystalline state. The value of inplane-sigma 

: : , -v ; ' ■ 2 tL ai 

bonding parameter a 2 and in-plane % bonding parameter p* > 

rectly proportional to gj and g x and inversely to A t . 

covalent bonding increases as and g x decreases ac 

„ , , s . 

This is because, lesser the value of bonding paramet 
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covalency. In other words, the covalency is directly 
A,+2A i 

a(= — - — )and inversely pro 





in gj| is large from sample to sample and is easily and accurately 
measurable parameter, it is expected to propagate important infor- 
mation regarding the covalency of the Cu to ligand bonds. 


From the above discussion and tables 5.(1) and 5.(111), one infers 
that, covalency in a polycrystalline sample is more than that of its 
glass sample. X-ray crystallographic [28] data available on Cu/Gly- 
cine and a few others, also support the above inference. 





(iii) Rnnding parameters : Bonding parameters a 2 ,oc'\p? and 

( 3 2 calculated with the help of spin-Hamiltonian parameters and 
optical data for different complexes are shown in table 5. (IV) a rep- 
resents inplane sigma bonding (3j and p -values represent in-plane 
and out of plane % bonds respectively. Note that when a 2 or p 2 or 
p 2 is equal to 0.5, the respective bonding is covalent and as this value 
increases to 1, covalent nature tends to be ionic. Bonding is fairly 
covalent in most of the cases studied here. The values of the bonding 
coefficients are of the same order as given by many workers in case 
of copper complexes of similar nature [19]. In most of the cases p 2 is 
more than p 2 , and this suggests that the bonding of the central ion 
of the ligands is reasonably covalent and occurs principally in the 
molecular plane because out of plane % bonding is relatively ionic. 
Molecular weight of the complex and hence, the ligand atoms except 
for the nearest neighbours seem to be little affecting the bonding pa- 
rameters. The fairly covalent nature of most of the compounds is also 
in agreement with the result from optical data. The ratio of excita- 
tion energies is slightly more than 1 and thus valency is fairly cova- 
lent according to Kivelson and Neiman [19]. 


5.4 SOl tFTION STUDY OF THE SAMPLE 


The electron spin resonance linewidth study i 
molecules In solution has been done extensively [29 
esting developments in the theory were done by fi 



Kivelson et al. [35-37], followed by experimental papers, which helped 
the theory to prove its worth [38], It was found that in the absence 
of paramagnetic impurities and oxygen, intermolecular paramagnetic 
interactions were negligible in dilute solutions. The linewidth was 
found to be due to the contributions of anisotropic g and nuclear hyperfine 
tensors as a result of motional modulation, but the experimental linewidth 
could only be explained after the idea of ‘residual linewidth’ was 
introduced i.e. the linewidth unexplained by above interactions. This 
‘residual linewidth’ is independent of applied magnetic field and magnetic 
quantum number M. Again it is independent of dipole-dipole and exchange 
interactions as it does not depend significantly on concentrations. 
Out of many suggestions to explain, an idea analogous to electric 
field fluctuation mechanisms in solids [39-41] was applied in case 
of liquids so that the liquid fluctuations in solution replace the lat- 
tice vibrations in solids. The results proved negative, only one of 
the mechanisms viz. Orbach mechanism proved a bit useful. 


The residual linewidth was further analyzed in terms of Hubbard 
Theory [42] of spin-rotational spin relaxation. This theory best ap- 
plies to large molecules with strong intermolecular anisotropic in- 
teractions with their neighbouring solvent molecules. This was tried 

\ f 1 jj. *’ ^ , ? ** ‘ - f ; ' h f < ' ' ' 

on two molecules vanadyl acetylacetonate and copper acetylacetonate 
in different solutions. It was found that the theory of anisotropic nuclear 
electronic magnetic dipolar and g tensor interactions along with the 
theory of spin-rotational relaxation are able to explain most of the 
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experimental results, the first two at lower temperatures and the latter 
a t higher temperatures. 

In order to see, to what extent these theories are able to ex- 
plain the results of studies of copper complexes with amino acids in 
aqueous solutions, the present study was undertaken. These com- 
plexes have been found to have a square planar structure [43,44] similar 
to the acetylacetonates, and therefore the theory as such can be applied 
in our complexes. The spin-Hamiltonian parameters needed for cal- 
culation were obtained from the glass-study of the complexes as described 
previously. Most of the complexes studied could not be dissolved in 
non-aqueous solvents. 

The freshly prepared aqueous solutions in double distilled water 
were taken in sample tubes which in this case were specially pre- 
pared pyrex-capill-ary tubes, otherwise it was found nearly impos- 
sible to tune the cavity because of highly lossy nature of water. Aqueous 
solutions were properly degassed by heating in a tube before they 
were filled in capillary tubes as to avoid the possible broadening of 
ESR lines by dissolved oxygen gas. Solutions of Cu/DL-Methiomne 
and Cu/DL-Aspartic acid were prepared in mild Ammonia solution 
and nvridine resnectivelv. Since we are little interested in broaden- 
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tion was kept .003 m/litre. Klystron was adjusted to a power much 
below the saturation stage. The magnetic field sweep was adjusted 
to give a slow variation of the field so as to get a true lineshape of 
the curve. The modulation amplitude was also adjusted for the same 
purpose, l-l-diphenyl-2-picryl hydrazyl (DPPH) was used as a stan- 
dard field marker which gave a sharp line at 3410 Gauss, measured 
with the help of varian F-8A flux meter. 


Results 


shown in figs. (5.3 - 5.10). In most of the cases, tour hypertine lines 
corresponding to the nuclear spin I = 3/2 for copper were observed. 
Cu/DL-Aspartic acid gave two strong and two weak lines whereas 
for Cu/DL-valine and Cu/L-Asparagine solutions, five lines were observed 
in each case. The fifth line was a bit less resolved. This is proposed 
as an overlapping of three lines each of Cu and Cu paramagnetic 
ions. This is further supported by the fact that the first and the fifth 
lines in these spectra are much less intense than the central three 


The separation of the lines is found to be nearly equal. The 

individual hyperfine lines are not completely symmetric and are also 

not exactly Lorentzian. The spectral line is assumed to be represented 

, ■ . . r „ ... 

by the following equation [35J. , 


1 





where co 0 is the microwave frequency in rad/sec., M is the Z-compo- 
nent of nuclear spin 1=3/2, ‘a’ is the isotropic hyperfine splitting 
constaint in radian sec' 1 and is the isotropic g-value. The param- 
eters g and a were obtained from solution spectra, The expressions 


a = ^ (H M- H -M ) < 5 - 4 - 3 > 

2Mh 

where H is the magnetic field at the line corresponding to +M and 

M 

H is the magnetic field at the line corresponding to -M . g^nd 

-M 

are the g-value and magnetic field values corresponding to the stan- 
dard substance, DPPH. Two values of g Q and a are obtained from two 
pairs (3/2, -3/2) and (1/2, -1/2) and are averaged. Better results can 
be obtained by iteractive procedure. The value of and a aie 
average of four runs of the spectra. The data so obtained g # and 
a are given in table 5. (V). 

The absolute sign of a, A, and A t was not determined from our 
data but the theoretical equation (5.4.1) suggests that if M 
line is suonosed to be at a lower field than M - 3/2, a should be 










[(Ay H 0 ) 2 + 3(8rH 0 ) 2 ](4+3u)+-h-b 2 I(I + l) 


C 2 I(I + 1)(3 + 7u) 


b 2 I(I + l) 


(3 + 7u) + 


Ay H 0 bl(l + l)(a / co 0 )(1 + u) 


(5.4.4c) 


(b + Ay H 0 + 4C5 r H 0 )(4 + 3u) 


b 2 I(I + lXa/<B 0 )(4+3u+7uf) 


(4 + 3u + 3uf)(a / o 0 ) 


b 2 (a / CD 0 )(3 + 2u)[2I(I + 1) - 1] 


(5,4.4d) 


C 2 (5-u)+-b 2 (a/eo 0 )u.f 


(Ay bH 0 )(a/© 0 ) (7 + 5u + 12uf) 


(5.4.4e) 


b 2 (a / © 0 ) (1 + u + uf) 


(5 .4.4f) 


(5.4.4g) 


AH = (a + a) + pM + 

The linewidth is obtained directly in terms of gauss if the parameters 
obtained from equations (5.4.4c - 5.4.4f) are changed from sec to 
gauss after multiplying 2/z/V3 g 0 p Q .,if the lines are assumed to be 

Lorentzian. The contribution to oc due to spin rotational relaxation 
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mechanism can be calculated from the following expression [36} in 
gauss : 
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Where 


lculated values are shown in table 5. (VI). Experimental val- 
and 8 were found by solving simultaneously, four 


ues of (a + oc j,P,Y 
equations for each complex after substituting the linewidth of each 

hyperfine line. The experimental value of a' is then obtained by subtracting 
the calculated a from the experimental (a + a 1 ’). The linewidth parameters 
both calculated theoretically as well as obtained from 


P,Y and 8 

rimental data are shown in table 5. (VI) 


The various magnetic parameters required for above calcula- 
tions were obtained from the combination of glass and solution spectra 
in each case. Ay was obtained from glass spectra, ‘a from solution 
spectra and A x from the formula 


The combination of the solution parameter with gl« 
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eter has been done with the assumption that a negligible v, 
the parameters take place with temperature, and this is app 
a small difference in g-values obtfc 
two temperatures -80 °C and 27°C 


'erent requi 
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rameters used for calculation are given in table 5.(111). The viscosity 
data for water was obtained from literature [45], 


hydrodynamical radius ana was adjusted so as to get nest agreement 
between experimental and calculated values of parameters f3 and y . 
The values of r thus adjusted in each case are shown in table 5. (VII). 

It varies from 2.1 A°. to‘2.9A° in our complexes. The moment of inertia 
of Cu/Glycine complex along the symmetry axis and passing through 
the copper-nucleus has been calculated [26] equal to 1103.56 x 10 
16 a.m.u. cm 2 by taking the band distance from crystal structure data 
[46]. The value of moment of inertia thus obtained gives the radius 
of an equivalent sphere to be 3.334 A . The value 2.508 A used here 
for this complex then does not seem to be too low, in the light of the 
unceartainties associated with the determination of magnetic parameters,from 
glass and the approximations in applying equation (5.4.4b) 

The value of r was found to be 3.357A in C u-acetylacetonate 
in toluene [38]. Acetylacetonate molecule being much bigger than 
Glvcine and thus a smaller value of r for Cu/Glyeine is reasonable. 



to the increase in 

radius of the equivalent sphere. The peak to peak width of each hyperfine 
line derivative of all the complexes have been calculated with the 

help of expression 5.4.4. g.linewidth parameters a, a '»P. Y andg given 

in table 5 (VI). The theoretically computed values of linewidth alongwith 
experimentally measured are given in table 5. (VII) 

Kivelson [37] gave expressions for three important mechanisms 
which contribute to experimental linewidths. The molecular param- 
eters required for the estimation of these contributions have not been 
determined very accurately. Upto first decimal accuracy, the param- 
f n „ru\ i ti mir Comdexes are nearly the same as given by Kivelson 


4)' = S i [(av cry /aq i )/r 0 1 , 

the root mean square values of q , which is 


the amplitude of intemoiecular oscilla 






nisms. Only Orbach process gives some 
where it is applicable. 


r = intermolecular distance 


o 

x = correlation time, different from the reorientation corre- 
lation time x R . 


was estimated from absorption spectra. 


For t,. '■ 10 '•’.vcc and. M r s-6 x l0' n sec. 1 

The contributions from different mechanisms to the linewidth in terms 
of Gauss are 

Van Vleck direct= 3 

Van VIeck-Raman = 27 

Orbach = 526 

Unexplained experi- 
mental hyperfin extreme 
linewidth in case 
of Cu/p -Alamine = 222 

The above results show that these processes are inadequate to 
account for the experimental linewidth unexplained by other mecha- 



The hydrodynamical radius r is i 
adjusting the magnitudes of the linew 
significantly affect their ratio. This is 
is involved in t., , which multiplies the 


sions (5.4.4C - 5 


Discussion 


It is seen from table 5. (VII) that the linewidths of the 4 lines 
in each case vary with M = ± 3/2, +1/2. In most cases the ± 3/2 
lines are found to be broader than + 1/2 lines. Linewidth parameter 
calculation from these lines give positive p values and for p to be 
positive, a positive nuclear-hyperfine splitting constant ‘a’ was con- 
sidered. It is seen in table 5. (VI) that the magnitudes of calculated 
parameters a and pare quite comparable and a large residual linewidth 
a' is left unexplained. This is because, the first terms in the expres- 
sion of a and p are quite significant for their magnitudes and come 
out nearly of the same order in our complexes. Fortunately the linewidth 
contribution <x w due to spin-rotational relaxation mechanism is not 
less than a' but is sufficiently more. This might be, because the Hubbard 
theory which is the basis of calculation ofa RS best applies to bigger 
molecules where intermolecular anisotropic interactions are more with 
solvent molecules. Deviation of calculated linewidths from the ex- 
periment is more in extreme lines and rather in one of the extreme 
lines. One of the reasons can be that the theory does not give p and 
y of different signs. Both could be positive or 
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5.5 CONCLUSION 


It can be concluded from a study ot powder sampic* . u.« ™ 
the points of inflexion on the derivative curves of copper com- 
s are not five, a rough estimation of and g L . can be made 
positions of the peaks at a lower and higher magnetic field sides 
ctivelv. The absence of at least two points of inflexion owt of 


In two of cases, e.g. Cu/DL-valine and Cu/L-Asparagine, five 
hyperfine lines have been observed. The fifth line is not very clearly 
resolved The calculations were done for the first four lines in each 

case. 


From above, it can be said that the agreement between theory 
and experiment is not as good as was found in case of Vanadyl and 


Copper acetylacetonates in chloroform by Kivelson [38], This is also 
because the theory holds best for small values of {ft/®,! and M. 


Our value of |/>/© 0 | is 0.03 compared to 0.007 for Vanadyl acetylacetonate 

values. 
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five may be assumed to be submerged with the derivative peak. This 
argument gets justification from a look at tables 5.(1) and 5.(111) for 
g an d g ± of Cu/L-Cy stine and Cu/DL-Aspartic acid Lineshape of all 
the lines is Lorentzian. An increase in linewidth of all the complexes 
compared to parent compound has been ascribed to a decrease in exchange 
due to complexation. In plane bonding in these complexes are fairly 
covalent as compared to the out of plane % bonding which has been 
found to be more ionic. Linewidth calculations show that a better fit 
with the experimental results can be obtained by accepting the contributions 
of the significant mechanisms like spin-rotational relaxation, Orbach 
and Van VIeck-Raman relaxations. 
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TABLE 5.(11) Computed values of linewidth, dipolar width and exchange frequencies by using 

dirrerent theories of ESR linewidth. 
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TABLE 5.(V) g and a Parameters from solution study. 


2.1236 


Cu/Glycine 


2.1259 


Cu/ (3 -Alanine 
Cu/DL-Methionine 


2.1155 


2.1133 


Cu/DL- Valine 


2.1482 


Cu/L-Cystine 
Cu/L-Glutamic acid 
Cu/DL- Aspartic acid 
Cu/L- Asparagine 


2.1485 


2.1210 


2.1216 



TABLE 5.(VI) ESR Line witdth parameters for different complexes. 
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5.(VII) Experimental and calculated linewidths of hyperfme 

lines. 


table 


He 

calculated 

Linewidth 

Gauss 


Hydro- 

dynimical 

radius 


experimental 

Linewidth 

Gauss 


lu/G lycine 


Cu/p -Alanine 


Cu/DL-Methionine 


Cu/DL- Valine 


Cu/L-Glutamic 

acid 


13 

42.23 

-7.80 


)7 

36.43 

-0.36 

2.945 A 

15 

31.38 

-0.23 

51 

27.04 

2.47 
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CHAPTER -6 


6J EXPERIMENTAL OBSERVATIONS 


The temperature measurement accuracy was +0.4 C. The tem- 
ature stability at the sample was ±0.2°C over ~30 minutes. The 
linuim possible step of temperature increment was 1.0°C . 


The measurements (recording of spectra) at a particular tem- 
perature were done after heating the sample at that temperature for 
about 20 io 30 minutes. While measuring the line widths, the contri- 
bution due to the temperature gradient along the sample, was taken 
into account. All measurements were done on heat treated crystals 
which had negligible intensity of spectrum-II at ~ 30°C. 


While studying temperature variation of S-I and S~II» various 
difficulties were encountered due to poor intensity and anisotropic 
line widths. The general features, for different orientations of » 


With increasing temperature, above ~60°C the S-l 
ting converted into S-II and above ~150°C only S' 

~230°C the fine structure groups other than the ceni 
are lost in the noise partly due to exof§#il)e fa 
due to fast expulsion of Mn from the volume 
surface. The various spectra are not recorded at 
gain in general had to be increased with increa 

w ' :Sv 


presen 
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Hl/l 010 ] 


The ESR spectra for #7/[010] at various temperatures in the 

~30°C to 150°C are shown in Figures 5.6 and 5.7. The extreme 
.5 3 . 

tructure sextets ), both for S-I and S-II, are completely 

3 1 

ened out above ~100°C and the sextets (±-<r>±~) above ~150°C. 


H//[ 001 ] 


At ~ 30°C itself the spectrum for H //[001] is quite complicated . As 
the temperature was raised above ~30°C, the lines got broadened and mixed 
with each other, further complicating the spectrum. Above ~140°C only the 
central sextets (--- <-> +-) of S-I and S-II could be observed. Above ~230°C 
the central sextet was also lost into the noise, partly due to excessive fine 

broadening and partly due to the expulsion of Mn 2 . 


Tcmncraturc Variation of the Parameters D and E 


As below ~100°C the data regarding all the five fine-structure sextets 

along all the three principal axes and the intermediate 
the accuracy of the calculated parameters D and E is 
all the five fine structure transitions field positions co 
along [100], for both S-I-and S-II, as even on going of 
the lines got nearly lost into noise (except those of the 
parameters are calculated from the experimental dal 
#//[100] and the data for only central fine structure : 


1 1 










[001] This causes some what large errors in calculation of the parameters D 
and E Above 100°C, the parameters D and E of S-I could be accurately 
calculated only upto ~138°C. Further, above ~138°C some lines of S-I got 
mixed with those of S-II (for H //[100] ). Due to increasing widths, the eiror 
in measurement of the line positions increased with increasing temperature, 
The experiments were, therefore, carried out several times using several crys- 
tals, and only the results which could be repeated are presented here. For the 
calculation of the parameters the modified Uhrin’s method was used. 


For S-I the principal axis X is parallel to [100]. The X component of 
the diagonal D-tensor of S-I, i.e. 3/2 is plotted vs. temperature in die 
ranee ~-170°C to ~ 138°C and the plot is shown in Figure 6.1. 




TVmnprfltiire Variation 


The peak to peak derivative lim 
widths only) were measured for S' 



j7o°C to ' 220°C for H along the principal axes. Because of the ratio of 
signal height to noise amplitude being very low, the (100 KHz) modulation 
signal amplitude had to be kept large to improve the signal to noise ratio. At 
the temperatures above ~10°C for H //[010] and above ~ 60°C for H //[100], 
the modulation amplitude used was large enough to cause distortions of the 
line shape, and therefore errors involved in line shapes determination and 
line widths are large, specially for the extreme sextets These 

errors were reduced by taking into account the line shape distortion due to 

modulation [1]. 


temperatures ~3U L, ana — iuu ^ sue givcu w ^ - — 

these tables, the linewidths are M s dependent and at ~30 C the widths are 
asymmetric about the central fine structure sextet i.e. the widths of 
(+M C ** Mo-1) are not the same as those of(-M s o-M s +1). This asymmetry 
of line widths along with Ms dependence exists for S-I upto its disappear- 
ance at ~1 50°C. Further the widths of S-I for H //[100] are far sharper com- 
pared to those for H //[0\0] and for HH[ 001]. The asymmetry of widths is 


The temperature variation of widths ®f 
-5/2 <>-3/2 of S-l for ////(010J from ^i70°CtO' 

; v '» 24- 

6.5. The line widths for this orientation could not 1 

> s 

0 * h ^ > *: 

able accuracy above - 40 C. The temperature va 

fine structure sextet +5/2 <->+3/2 of S-I for R(l[\ 
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is shown in Figure 6.6. Even upto ~140°C the lines of S-I for # //[100] are 
far sharper compared to those for H //[010] and [001]. 


The linewidths of S-II at ~30°C are given in Table 6(11). The widths of 
S-II have similar line width anisotropy as those for S-I i.e. the lines are 
sharpest for H //[ 1 00] . Temperature variation of the widths of S-II for differ- 
ent orientations of H , in the range ~170°C to ~150°C is similar to that for 
S-I. The temperature variation of the line widths, in the range ~30°C to~220°C, 
of the sextet +5/2 *->+3/2 of S-II for H //[1 00] is shown in Figure 6,7. The 
temperature variation of line widths of the + 3/2 <->+1/2 sextet of S-II for 
H//[ 100] is shown in Figure 6.8. 


For S-II, the M s dependence of line widths is present even upto ~ 
250°C. For S-II, the lines are much sharper for if H //[ 100] compared to 
those for H //[0 1 0] and for H //[00 1 ] in the complete temperature range ~30°C 

, :*;< '.W 'If iU* 

to ~ 250°C. The asymmetry in the line widths about the central sextet is 
present for S-II, for H //[ 100 ], from~100°Cto~220°C. Above~150°CaM j 

dependence of the widths of S-II is also observed. 

The angular variation of the line widths of the -5/2 <->-3/2 sextet of S- 
I in the (00 1 ) plane at ~35°C is shown in Figure 6.9. 

The temperature variation of the line widths of S-III for H//[ 100] ir 
the range —170°C to - 30°C is nearly the same, as that for S-I. The lm< 
widths of S-III for different orientations are given in Table 6.(111). The line: 
of S-III are sharpest along [100], and broadest along [01 0], The angular varia 



shown in 


The line shape of all the five sextets of S-I at —130°C for H //[100] is 
Gaussian, while for H //fO 1 0) and H //Z it is very slightly different from Gaussian. 
As the temperature is raised, above ~-10°C, the deviation of line shape from 
Gaussian towards Loren tzi an takes place. In the temperature range ~-10°C to 
~30°C the line shape of S-I for ////[100] is intermediate to Gaussian and 
Lorentzian, and for H //[0 10] though it could not be determined accurately, it 
seems to be nearer to Lorentzian rather than Gaussian. 


6.2 DISCUSSION 


AND PHASE TRANSITIONS 


Theoretical Considerations 


The case of axial symmetry, the D-tensor has only one independent 
component, namely the axial field parameter D = 3/2 D^. For orthorhombic 
symmetry, there are two independent parameters namely and the orthor- 
hombic parameter E = 1/2 ( D - D ). But all the three components, D , 

D and D can be considered as axial field parameters, depending on the 

XX yy 

choice of the axis of quantization of spin. As no unique definition of the axial 
field parameter for orthorhombic symmetry is available in literature, hence in 









the following analysis, for orthorhombic symmetry, the temperature varia- 
tion of all the three principal components D , D & D is assumed to be 
similar, except for the systems where the phase transitions are involved. 


The origin of the axial field splitting parameter D for S-state ions like 
Mn 2 is explained on the basis of the models which consider the interactions 
between the ground state and excited states, and has been considered in de- 
tail by Sharrna, Das and Orbach [2-4] Wyboume [5] and Van Heuvelen [6]. 
Large discrepancies were observed between theory and experiments, for D- 
values of Mn ‘ in the various systems. Much useful qualitative knowledge 
of the change in crystalline environment can not be deduced from the SH 
parameters, because of the complexity of the processes relating them to the 
crystal field parameters [2-4]. 


The two major effects.found to contribute to the temperature depen 
dence of axial field parameter D, [7-23] are as follows. 


Due to thermal lattice expansion the distances between the atoms in 
/stal are changed, leading to changes in the crystal field. This is termed 
ipcrature dependence of the static distortion [18] and its contribution 
the axial field parameter D is expressed 


2. Thermally excited phonons modulate 
population of the electronic states of the par 
lattice vibrational contribution D expressec 
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where v is the frequency of the exciting vibration. The total D is written as 


D = D“(\+aT +$T 2 ) + D° Coth(hv/2kT) (6.2.3) 

Above ~100°K (-173°C), various authors [12,13,19-21] found the D vs. tem- 
perature curves to be linear and could be fitted to hyperbolic cotangent. 
Manooigian and Leclerc [ 1 8,22] have attempted to explain the linear behav- 
ior by equation (6.2.3 ) consisting of both the static and the vibrational contri- 
butions. 

When the structural phase transitions occur in a system, the tempera- 
ture variation of the D-tensor components becomes a complicated problem. 
Near the phase transition temperatures, the equation (6.2.3) is no more valid. 


The study of structural phase transitions by ESR can be divided into 


(i) The systems where phase transition is from cubic phase (D = 0,E = 0) 
to the tetragonal or trigonal phase (D * 0, E = 0 ), Also included are the 
systems where phase transition is from tetragonal or trigonal phase to orthor- 
hombic or lower symmetry phase (D * 0, E # 0). 
the Si I parameter D or E can be considered as a 
Some examples of such phase transitions studied b 
[24], SrTiO : Fe , Gd *[24], BaTiO §d [ 

3 

urea alluminium per chlorate [27] 
in LaAlO and SrTiO [24] is the | 


d 




H 
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the D-tensor related to distortions of the molecular groups. In such systems 
r?41 D is found to behave as 


where |) is the critical exponent which according to Landau theory has the 
value 1/2, but is found to have the value 1/3 in the critical region [24]. An 
expression for E, similar to (6.2.4) can be written when E is the order param- 
eter [27]. In these systems total D can be written as 


where D is similar to D ot equation [ o.z.4 j ana is me coninouuuu uuc w ui> 
changes associated with the structural phase transition. Then following the 
results of [24-27], it can be seen that near the phase transition, contribution 
of D to the temperature variation part of D is so large, that it alone deter- 
mines the changes in D according to the equation (6.2.4). In fact near the 
phase transition temperature both and will contribute through D^. In 
such a situation, in no way the three parts of equation (6.2.5) can be sepa- 

*<•’"**, 1 1 • ‘P jtjj <! 

rated, and the variation of total D will be given by (6.2,4). Far away from the 
phase transition temperature, the three parts of equation (6.2.5) can be con- 
sidered seperately, but they may still be related to each other. Far away froi 
the phase transition temperature the contribution due to will be linear in 
temperature (as the order parameter is nearly constant) and if that °f an 
D is also linear, the temperate variation of total D will also be linear. 
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(jj) The systems in which the phase transition is from orthorhombic or 
lower symmetry (D * 0, E * 0) to orthorhombic or lower symmetry (D # 0, 
£ ^ 0). In this case neither D nor E can be considered as an order parameter, 
and therefore the temperature variation of in ( 6 . 2 . 5 ) cannot be expressed 
in a simple form, as was possible in case (i) above. However, the tempera- 
ture variation of total 1) can be expected to be linear, well away from the 
phase transition temperature (provided the temperature variation of and 
D is also linear). 
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dipole moment, the rotation angle of these molecules and hence of D-tensor 
axes, is related to P . This was observed by Windsch et al. in TSCC:Mn +2 
[28] The contribution to temperature dependence of D due to this, can be 
included in the D of equation (6.2.5). Thus, in the ferroelectric phase, the 
total D can be expressed as. 


rotations ot molecules, me u win uc sun ictatcu r . mua m ^uauuu 

St ■ $ 

(6 2.6), the terms D and D both are related to P . 

\ n s« FR s 

, • i * ! * ' : f | , yp v f| * r i Tl? 

In the literature [29-32], the two parts D and D have not been stud- 

St FE ,•* ; ' : * 

ied seperately. As for these systems [29-32] temperature variation of D could 
be related to temperature variation of P , one can conclude that near the 
phase transition temperature, only the terms D and D of (6.2.6) are sig- 
nificant contributors to the temperature variation of total D, and the terms D § 
and D need not be explicitly considered. 


Temp erature Variation fr 


As we know that the principal axes Y 
about [ 1 00] by angles ±<x off the crystallogrspl 
small values of angle a one gets. 





constant. Further the D' zz is proportional to E l00 i.e. P and leads to 


where K. is 


If near the phase transition temperature, the contribution of D 

'■ FE 

to the temperature variation of D is far larger compare to that of 
other terms of (6.2.6), a linear relationship between P^and D should 
be expected Such a linear relationship between D and P , near the 
phase transition temperature was experimentally observed in many 
ferroelectrics [28, 30,333. Away from the phase transition tempera- 
ture, the temperature variation of P g is nearly linear, and if those of 
terms D and D is also linear, the temperature variation of 0 will 


The temperature variation of 3/2 D of S-I is shown in figure 
6.1, from which it is evident that below ~ 30°C, the is nearly 
linear upto — 160°C. Hamano (34] measured the temperature depen- 
dence of P in NaNO crystals. He observed an mcreaie by ~ 2 percent 
in P on decreasing the temperature from ~24°C to —100°C. Hence 
below 30°C, the D and D will be nearly temperature tudepen- 
dent, and the temperature dependence of total can be accounted 
by the static and vibrational parts (i.e. D g and In various sys 
terns, the contribution of D and -D is found to be linear with tern 
perature [12,13,19-21]. Hence the linear behaviour of of S-I can 
be satisfactorily explained. 


Above ~24°C, P decreases 

8 ■ , iH- 

creases very fast [34]. Hence abc 
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n( j d cannot be neglected. Further it has been shown that the thermal 

KK 

expansion of pure NaNO^ starts deviating from the linear behaviour 
(i e the anamoly associated with the phase transition at T starts 
appearing) above- 50 J C [35-37]. This will lead to significant changes 
in the contribution of D and D to temperature variation of D , 
above ~5o"C. Experimentally (see Figure 6.1), deviation from straight 
line behaviour of D versus temperature starts above ~30 C. It can ; 

XX f *; ‘I f ‘ ’ i < '.fj 

then be understood as due to combined effect of changes in D ■ , I 

and D As above ~140°C, where large changes in P take place, the 

S * • ; ”& f? ; ‘ ■ / J| 

S-l could not be observed, we could not derive a relationship be- 


tween 


The angle a given by equation (6.2.7) will become zero asT-^. 
But as the S-l could not be observed above 150°C and a could not 

.. . ' ; ' ; .. r-iV-riv 

be determined above -70“C, it was not of any help in interpreting 
the phase transition at T . 


As S-l l was concluded to be either due to 
or due to isolated Mn *, the former being more pf< 
in the SH parameters D and E with temperature, 
sition are interpreted, considering both models 


The metastable clusters are 
cancy complexes, which are surro 



WEMm 


■ 

B 


region. Though the spontaneous polarization ? s was concluded to be 
approximately zero in the metastable regions, there still maybe some 
sort of ordering existing in metastable regions, which will be related 
to the ordering of the ferroelectric phase. Though it is difficult to 
predict the nature of changes inside the metastable clusters, near the 
phase transition temperature, it is certain that the changes (and thus 
the structure) inside the metastable clusters will be very sensitive 
towards the changes in the surrounding ordered ferroelectric regions. 
Therefore one can expect the changes in the SH parameters of S-II 
to be related to the changes in the order parameter and thus to P 


As in the paraelectric phase, the Na-and M)" ions are flipping 
rapidly, metastable cluster formation will be least probable. Thbs the 

A - , * ■*■*' | I J 4 < ‘ + < i ' ' i i * 

metastable clusters may also undergo a transition to the paraelectric 
phase at T . > 


In the sinusoidal anti-ferroelectric phase, there is a short range 

Ui f f! - 

ordering of the parallel and antiparallel domains [38,39). The spec- 
tra due to parallel and antiparallel domains will be same, irrespec- 
tive of whether Mn 1 is associated with a vacancy or not. As the tem- 
perature range of this phase is very narrow (~2°C) [38,39], and the 
error in calculated D and E parameters is quite large (see Figures 6.2 
and 6.4) in the neighbourhood of T^ , nothing could be concluded 
regarding this phase. Thus the T will be considered as the tempera- 
ture of phase transition from ferroelectric to paraelectric phase, and 
antilerroelectric phase will be overlooked. 
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In the paraelectric phase the unit cell of NaNO , has centre of 

1 

inversion macroscopically. But, from a microscopic point of view, 
the unit cells at a particular instant are polarized and havs same symmetry 
as in the ferroelectric phase 
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be appreciably influenced by 4* due to ? s . In such a situation, the 
temperature variation and magnitude of anamolies at T c will be de- 
termined by the contribution of the term D (and to some extent D ) 
to the temperature variation of D, relative to those of other terms in 

equation (6.2.6). 

. ' ; • i ;; Hi'S' 1 * 

Temperature variation of D of S-II shown in the Figure 6.3, is 

nuite similar to that of (3/2 D ) of S-l. This may be fortuitous. But 
4 U11V J xx 

if S-Il is due to isolated Mn , then this similar variation may very 
well be due to similar contribution of the term D (which is purely 

FE 

due to temperature variation of P s ) for the Sit and S-II. Temperature 
variation of D of S-II in the temperature range ~30°C tp 220 o C is 
shown in Figure 6.2. It is evident from the figure that the anomaly 
at T is very small. The temperature variation curve in the range ~130°C 
to T c is quite different from that of P g given in [34]. It is evident 
that, none of the different constituent processes of equation (6.2.6 ) 
is dominant. The contribution of all the terms seems to be signifi- 


Above T , one can see two slopes in the D vs tempera 

c • 

with an anamoly at 175 ± 3°C. The anamoly is more pro 
the cooling cycle compared to the heating cycle. The anan 
± 3°C is related to the already reported phase transition 
in the pure NaNO cry stall (#0,41]. Takagi and Gesi [40] i 
it as due to some sort of short range order existing upt 
above which Curie- Weiss law holds nicely. 
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ed to those of other terms, one can write 


where K is a constant. Thus the temperature variation of E near the 

phase transition temperature can be explained assuming S-II to be 

+ 2 

due to isolated Mn . But as the origin of S-II is not confirmed, this 
mav again be fortuitous 




Due to large errors in measurement of E above T , the phase 

c 


c 

at 175°C ± 3°C could not be detected. The temperature 
>f E above T seems to be linear. 


transition 


The phase transition temperature determined from ESR experi- 
ments is T = 159 ± 2°C. For pure crystals the temperature of phase 
c 

transition from ferroelectric to simusoidal antiferroelectric phase (T ) 

C 

is reported to be between -163°C and -ldS^C. The shift in T in Mn doped 
crystals is the effect of Mn 2 impurity. Such shift of phase transi- 
tions due to impurities is well established for ferroelectric crystals. The 
shift in phase transition temperature has also been observed for y- 
ray irradiated NaNO crystals 142,43], 


The various line broadening m> 


(i) The spin-lattice relaxation [44-46], 
[44-46] (iii) the mosaic structure in a i 
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(iv) the inbuilt stresses (strain broadening) [49,50] (v) the charged 
point defects and impurities which are capable of creating strong electric 
field at the site of paramagnetic ion [51] (vi) the vacancy jumps (hopping) 
[52-54] (vii) the broadening due to fluctuations in spontaneous po- 
larization [33,55], 


The broadening due to mechanisms (i) and (ii) are in general 
isotropic (independent of field orientation) and M independent [ 44 - j 

S 

46], The line widths due to mechanism (i) for Mn z+ paramagnetic ion 
in a lattice are found to vary little with temperature. As the crystals 

2+ * 2^ 1 

of NaNO : Mn , have very small concentration of Mn ;'th‘ebroad- 
2 . v> £ ; ' i; T 

ening due to mechanism (ii) will be negligible over the complete temperature 

■ ■ : ‘ . ’ : . ■■■■ ■ ■■■■■ ‘ ‘ 

range of interest. As the broadening mechanisms (i) to (v) have been 

considered in detail in literature, only mechanisms (vi) and (vii) will 

; . C|^||x| ^i| yJ Iff , | 

be considered in detail. 


Broadening due to Vacancy 


Above a certain temperature the Mn cation vacancy pairs a: 
continually changing their orientation as a result of vecancy jumj 
under thermal activation [56]. The vacancy jumps are mainly of tv 

' * f | I 1 f ' t } 4 1 * ^ 

types, the one which only changes the orientation of the pair ai 

■■ S : 2+ 

leaves the distance R between vacancy and Mn ur 

‘ _ ; 

other which changes the orientation and distance 
only distance R ). Each time a vacancy moves the 

i ' ' ' 

the complex may change comple 


c? 


154 



it will result in a life time broadening of the ESR spectral lines. Watkins 
the first to report that the ESR line under such vacancy 
jumps assume a Lorontzian shape which can be associated with a finite 
life time, x , for the vacancy at the site associated with the spectrum. 
Tucker [53] derived the following expression for t 


was 


where E is the activation energy for the process, x is then directly 
related to the excess line width. This was later experimentally con- 
firmed [54], 


For S-l in NaNO : Mn , there are two complexes Mn -V 001 
2 

and Mn 2+ -V OOT . These two complexes give inequivalent (distin- 
guishable) spectra for fj off the [010] and [001] in the (100) plane. 
An exchange of vacancy and Mn will cause the broadening of the 
lines only for jy in the (100) plane and off the [010] and [001], As 
the two complexes give identical spectrum (indistinguishable) for any 
other orientation of H , no line broadening should be observed in the 
(010) and (001) planes, including the crystallographic axis 

If the vacancy jump is from 001 or OOl site to some other si 
causes formation of a new complex giving a different spectrum, the 1 
ing of the lines of S-I for any orientation of H including [100] si 
observed. 




Similarly for S-1I1, which is 
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complexes, if Mn -vacancy exchange takes place, excess broadening should 
be observed only for H in the plane (001) and off the axes [100] and [010]. 


Broadening Due to Fluctuations in the Spontaneous 

Polarization 


Torsional oscillations of NO; will cause fluctuations in the dipolar field 
contribution to the crystalline field and in the spontaneous polarization P s . 
The dipolar contribution due to NO; dipoles to the crystalline field was not 
considered earlier, but its effect was in a way incorporated in the SH by 
considering the effect of local field due to ? s . In addition to torsional oscilla- 
tions of NO , thermal oscillations of Na + ions will also contribute to the 

fluctuations of P . With the rising temperature, the amplitudes of torsional 
s . 

oscillations of NO; increase, and above ~30 C these are very large [57-60], 

' ‘ ’ '0 ; - - ■ s' ■ '' 

This will result in large fluctuations of P . The estimates of the different 

s 

mean square amplitudes at 27°C from NQR studies [57] are 


As we know, the fine structure tensor for all the spectra has significant 
contribution from p s . Therefore the fine structure tensor components will be 
time dependent due to the mean square fluctuations (<Pj> - <i^> 2 )of the 
polarization. If the fluctuations are sufficiently fast, there will be time depen- 
dent spread in the D-tensor principal values which will result in the broaden- 
ing of the ESR lines of the spectra in the ferroelectric phase. Another effect 
of fluctuations in P s will be to cause the time dependent changes in the ori- 
entation of the principal axes of D-tensor resulting in a spread of principal 
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axes over a small angle which may cause significant contribution to line widths. 
Though in NaNO^ the contribution of the N0~ dipoles to spontaneous polar- 
ization is only 1 5 percent [34,61], the main contribution to the fluctuations in 
P will be from the torsional oscillations of N0 ~ . 


We assume that the mean square fluctuations in D are much smaller 

xx 

than those in D and D and fluctuations in D are smaller than those in 


Because of the fluctuations in fine stzucture tensor components, both 

spin-lattice relaxation and T -like relaxation or the transverse relaxation (called 

as ‘secular broadening’ by Slichter [44] ) will get enhanced. In fact the 

contribution to the spin lattice relaxation will result in far lesser broadening 

compared to that due to the T -like relaxation [55]. The trsnsverse relaxation 

2 

time T for H parallel to a principal axis, can be expressed as 


T; 1 = M [< D 2 >-< D > 2 ]t c (6.2.11) 

where i c is the correlation time of the quantity D, and M is constant 

whose value will depend on the M i.e. the fine structure group being 

s ... ‘ 

considered. Because of such dependence on D, the anisotropy and 

M dependence of the broadening of the lines will be observed. The 

$ ‘ '■ y 

effect of E, will be in second order, and hence small. For H//XM 
[100], the line positions of S-I are linearly dependent on while 
E = 1/2 (D - D ) affects line positions in second order only [46], 

x yy xz> '■ 

Hence line broadening of S-I for H ll{ 100] will be mainly determined 
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or H HZ ^ axis of S-I, if fluctuations in D are large, large 
broadening of the lines with little asymmetry about cantral fine structure 
transition will be observed. As [010] is only 4 . 5 ° off the Z axis, the 
line widths will be nearly same for the two orientations. For H II Y 
axis of S-I, if fluctuations of are intermediate to those of D 

and D zz’ the line broade mng will be intermediate to those for Z and 
X axes. As the fluctuations of the parameter E = 1/2 (D -D ), are 

qu.te large, the asymmetry about the central fine structure transition 
Will be quite significant. As [001] is only 4.5° off the line widths 
will be nearly same for the two orientations. 


Thus the observed 1^ dependence of the widths and asymmetry 
iths ofS-1 for /?/«//[ 100], ////Y.(00I]. Z and [010] can be 
med satisfactorily, if one assumes equation (6.10). A similar 
sis will be developed for S-III. 





Temperature Variation 


(a) Line Widths Below ~-100°C : 

As is evident from Figures 6.5 and 6.6, the line widths of S-I 
are nearly temperature independent in the temperature range — 100°C 
to — 1 70°C. The slight variation may be due to spin-lattice relax- 
ation. The line widths are anisotropic and are smallest for J7//[100] 
and largest for H //[010] [see Table 6.(1)]. The amplitudes of tor- 
sional oscillations of jVO^are extremely small below ~-95°C [61] and 

hence the contribution due to fluctuations in P will also be-very small 

s 

The line width anisotropy below ~100°C can then be explained due 

to the mosaic structure or due to inbuilt stress (strain broadening), 

as both the mechanisms are static in nature, in general causing an 

anisotropic broadening 1 of lines which, is temperature independent. 

As the mosaicity causes Sin 2 0 dependence of the width [47,48] and 

experimentally this was not observed, it can be ruled out as possible 

mechanism. The strain broadening can satisfactorily explain the anisotropy 

and temperature independence of widths following the discussion of 

[49], I he main sources of stress are randomly distributed impurities 

and point defects. In NaNO :Mn , additional sources of strains are 

2 

aggregates of Mn + vacancy dipoles, and the strains developed, near 
the domain walls. As the line widths for H in (100) plane are much 
larger compared to those for other orientations of H „ it appears that 
the imbuilt stresses preserve the point symmetry of Mn* f -vacancy 
complexes. This may probably be related to the domain structure in 
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observed 


NaNO . The domain walls in NaNO are parallel to (100) planes, and 
2 2 

slight misorientations of domains about [100] axis may result in such 
synmetric behaviour. The observed line width AH ' can be written 


AH' = (AH] + AH? / 


( 6 . 2 . 12 ) 


where AH S is broadening due to the random strains and A H i is the 
intrinsic broadening mainly due to spin-lattice and spin-spin relax- 
ation. 

If the line broadening below — 100°C is due to the reasons given 
above, one should observe variation in line widths from sample to 
sample as crystals grown under different conditions will have differ- 
ent strains. This was experimentally confirmed. The line widths observed 
in different crystals (samples) at ~-100°C, varied from 3.2 to 3.8 Gauss 
for H H[ 100] and from 5.0 to 8.5 Gauss for H //Z and H //[ 010] 


(b) Line widths Above ~ -100°C. 

Line widths of S-I for H //[l 00] and H //Z start increasing slowly above 
~-100°C (see Figures 6.5 and 6.6), and very fast above —10°C. The line 
broadening for H HZ is much larger and faster compared to that for HU 


r _ . , - rrmr , » — 

[1 00], From Figure 6.5 it is evident that for H HZ , the plot of log (a// ex- 

cess) versus 1/T can be fitted to a straight line above — 10°C which corre- ■ 

.. . 

_ a * ' a ' r* -w— i * a -r . • «, ' 


sponds to an activation energy of E = 0.24 e.V . AH is equal to ( 

2 


AH') where AH' is width at —100°C. In 



10°C it can be fitted very approximately to a straight line with activation 
energy of E » 0.06 e.V. 


The log (AH acess ) vs. 1/T curve for #7/[100] can not be fitted to a 
straight line in the temperature range - 100°C to ~-20°C but in the tempera- 
ture range — 20°C to ~80°C it can be nicely fitted to a straight line with 
activation energy of E' 2 = 0.34 e.V. 


Gesi [62] reported a phase transition at ~ -95 °C which he interpreted 
as due to the small anamoly in the amplitudes of torsional oscillations of 
NO ; . He further concluded that the torsional oscillation amplitude starts in- 
creasing faster above ~-95°C compared to that below -95°C. The observed 
slow increase in line widths above -100° ± 8°C can then be due to the faster 
increase in the amplitude of oscillations of NO; resulting in the increase in 
the fluctuations of P The sudden increase in widths above ~10°C (corre- 
sponding to activation energy E ) should then be due to another anomaly in 
the torsional oscillation amplitudes of NO;. But no such anomaly for NaNO 

2 

in the temperature range -95°C to 30°C is reported in literature [35,62,63] .The 
anomalous increase above ~-10 C can then be due to the vacancy hopping. 
As the lines for #//[100] broaden much lesser compared to those for H //Z 
and Y^, only the vacancy and Mn exchange seems to be taking place. The 
activation energy for this process, according to equation (6.2.9) comes out to 
be s 0.24 eV from H HZ plot (see Figure 6.5). This will not be true value 
as the contribution due to fluctuations in P has not been separated. The 
difference between the values of E and E' mav be due to the f art th*t the 



contribution due to vacancy hopping ,if Mn + -vacancy exchange is taking 
place, will be very small for 8 //[ 100] and will not be given by equation 
.2.9). Again as the widths for 8 //[100] are much sharper compared to those 
• and Y , even upto ~150°C, the identity (6.2. 10) will be true, for S- 
•e increase in the widths above -100 ± 8°C, then confirms the phase 

ition at —95 °C reported for pure NaNO crystals by other studies 

2 

[35,62,63], 

The widths for 8 //[100] , above ~80°C can be fitted to a straight line 
with activation energy E =0.34 eV, which is larger than E' 2 for the range - 
10°C to ~80°C. This anomalous increase above ~80°C, seems to be due to 
fluctuations in becoming vary large, thus increasing its contribution to the 

widths compared to the contribution from vacancy hopping. 

Our line width experiments, thus suggest a combined contribution due 
to both vacancy hopping and torsional oscillations of NO, i.e. fluctuations in 
P s - lt win be extremely difficult to separate the two contributions. 

In the whole temperature range -10°C to 150°C, only the vacancy 

2 + 

Mn~ exchange seems to be taking place. From Figures 3.2(a), (b), (c) it can 
be visualized that the diffusion of Na + from any site other than those lying 
along [100] and [001], is difficult due to the large volume of NO; ion and 

resulting gaps being very small. Further the 4, of ? s is very strong and will 
put constraints on the vacancy jumps. All this seems to make, only the Mm + 
vacancy (at 00 1 or OOl for S-I) exchange feasible. The angular variation of 

lmewidths of S-I for H in (001) plane shown in Figure 6.9 supports this 
model. 



The fast broadening of lines is observed for all other spectra S-III, S- 
IV etc above ~-10°C. The broadening due to fluctuations in P^ will have 
nearly similar temperature dependence and anisotropy for all the spectra. 
The fast broadening above approximately same temperature (~-10°C) for ail 
the spectra suggests that the activation energies for vacancy hopping (jumps) 
for various complexes is nearly same. The angular variation of line width of 
S-III, at ~ 35°C is shown in Figure 6.10. It is evident that the width is small- 
est for H //[ 1 00] [also see Table 6 (III)] and largest near [010], Such an anisot- 

2 Hh 

ropy is expected from both vacancy Mn exchange and fluctuations in P . 


As S-II was concluded to be most probably due to the meta- 
stable clusters, but the possibility of its being due to isolated Mn was 
not ruled out. If S-II is due to two complexes Mn 2+ -V 001 and Mn 2+ 
-V 001 in metastable clusters, then the Mn -vacancy exchange will 
not cause broadening of the lines, as the two complexes give only 
one spectrum for any orientation of H . If S-II is due to isolated Mn 2+ , 
the question of vacancy hopping does not arise. 


The spontaneous polarization in the metastable clusters was concluded 
to be nearly zero. But the NO; ions in the metastable phase may be 
undergoing torsional oscillations, and their oscillations will cause 
fluctuations in the dipolar field at the Mn 2+ site. If the Mn 2+ complex 
lacks the centre of inversion (which it will, because of association 
with vacancy) these fluctuations may cause significant broadening 
of the ESR lines of S-II, which may give anisotropy and tenmerature 
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dependence of line widths similar to those for S-I. If S-II is due to I 


2 + 

isolated Mn then fluctuations in P will cause the broadening and 


this will be very much similar to that for S-l. 


The linewidths for S-II in the range ~30°C to ~150°C are nearly 
similar, to those of S-I, in anisotropy and temperature dependence 
both. The line widths for S-I had significant contribution from the 
vacancy hopping and such contribution for S-II is not expected. Then 
the similarity of widths of S-I and S-II , can be explained only by 
assuming that the fluctuations due to P give major contribution to 

s 

line widths of S-I as well as S-II, in the complete temperature range. 


There is marked M dependence and asymmetry about central 

s 

transition of line widths of S-II, above ~100°C. The asymmetry of 
line widths can be only explained on the basis of fluctuations in the 
components of D-tensor. 


In Figures 6.7 and 6.8, the temperature variation of widths of 
S-II in the range ~30°C to ~220°C is shown. The log (ah) versus 
1/T curve corresponding to Figure 6.7 shows the following behaviour. 
In the temperature range ~30°C to ~85°C it can be fitted to a straight 
line with activation energy of -0. 10 eV. in the range -100°C to ~140°C 
with activation energy o f -0.24 eV. and in the range ~150°C to ~159°C 
with activation energy of ~0.8 eV. Above -150°C, a very fast in- 
crease in line widths is observed which is related to the anomaly in 
torsional oscillations of NQ; at the phase transition. 









These changing slopes show the increase m the fluctuation of 
P due to increase in amplitudes of torsional motion. Above ~150°C, 

S 

there will be substantial number of NOj ions flipping between par 

allel and antiparallel polarized states. This will account for the sud 

ase in widths above this temperature. Due to large errors in 

dth measurements, the phase transition temperature could not be 

determined accurately (rough estimate is 161 ± 2°C). But from the 

E vs temperature curve of Figure 6.4, T was determined to be 

c 

159 ± 2 °C. 

In the sinusoidal antiferroelectric phase, there is a short range 

ordering of ferroelectric domains (~ 8 unit cells [38]). Such an or 

dering will cause substantial decrease in line widths, compared to 

those just below T . But we could not observe such behaviour even 

c 

after repeated attempts with various crystals. This may be due to either 
the temperature range of antiferroelectric phase becoming very n 
row or vanishing due to presence of Mn+2 ions. 

Above T the increase in widths is slower compared to that before 

c 

phase transition. It can be easily seen that despite large errors a marked 

■ . ■ ,#r > . - . . ... 

difference exists between heating and cooling cycles (above T ). On 

c 

cooling the crystal from 220°C, the width decreases faster compared 
to the increase during the heating cycle, upto 175 ± 3°C. Below this 
temperature the width increases upto 163 ± 2°C. Below this, the widths 
decreases and below ~160°C, the behaviour is nearly identical with 
that for heating cycle. This anomalous behaviour on cooling seems 


n 


to be related to the phase transition reported at - 178 C [40, 41] which 
has been identified at ~ 175 + 3°C from the temperature variation of 
D of S-ll (fig. 6.3). 
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TABLE 6.(1) Peak to peak derivative widths (ah) of Spectrum-I. 








TABLE 6.(111) Peak to peak derivative line widths (ah) of Spectrum- III. 
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